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ABSTRACT 


This  is  the  third  semi-annual  report  of  a  three  year  program  to  investigate 
those  mechanisms  vhich  contribute  to  the  long  term  degradation  of  diode 
parameters.  This  report  is  primarily  concerned  with  the  structuring,  refin¬ 
ing  and  verification  of  a  Deterministic  Model  for  diode  failure.  The  Deter¬ 
ministic  Model  is  presently  separated  into  tvo  portions;  reverse  bias  degra¬ 
dation  and  forward  bias  degradation. 

The  reverse  bias  portion  of  the  model  was  derived  and  discussed  in  the  second 
Technical  Documentary  Report.  This  portion  of  the  model  is  repeated  in  this 
report,  which  also  contains  : 

-  sample  degradation  rate  constant  calculations, 

-  a  discussion  of  the  preliminary  verification  of  the  model, 

the  planned  test  matrix  to  complete  the  verification  and  refinement 
of  the  model, 

-  a  summary  of  the  failure  analysis  effort  performed  to  structure  and 
verify  this  portion  of  the  model. 

The  forward  bias  portion  of  the  model  has  proved  to  be  store  complex  than  the 
reverse  bias  portion.  The  observed  response  to  stress  has  been  multi-modal  and 
dependent  on  the  measurement  bias  voltages.  This  portion  of  the  s»d«l  is  being 
structured,  but  the  following  points  have  been  determined,  sad  are  discussed 
in  this  report: 

the  temperature  and  pressure  used  in  the  sealing  process  have  a  major 
effect  in  the  degradation  response  patters. 


ill 


-  the  degradation  patterns  following  the  sealing  process,  forward 
current  stresses  and  at  very  Mgh  temperature  stress  at  zero  bias 
are  identical, 

-  the  degraded  devices,  which  had  been  stressed  ip  the  sealing  pro¬ 
cess,  exhibited  aicroplasma  light  emission,  low  amplitude  micro¬ 
plasma  noise  pluses  and  reverse  voltage  valxout, 

-  the  observed  failure  mecnanisms  scan  to  be  surface,  rather  than 
bulk,  related  phenomena. 

There  is  evidence  to  indicate  that  the  modal  should  be  oaspd  on  the  high 
temperature  decomposition  of  a  compound  into  components,  at  least  one  of 
which  is  active  in  increasing  the  surface  electron  concentration.  The 
planned  test  matrix  to  complete  the  structuring,  verification,  and  refine¬ 
ment  of  the  model  has  been  designed  and  is  discussed  in  the  report.  In 
addition,  a  summary  of  the  failure  analysis  effort  performed  to  date  on 
this  portion  of  the  model  is  included.  Failure  analysis  will  become  an 
even  more  important  part  of  the  work  effort  to  achieve  the  objectives  of 
the  program.  This  report  contains  an  explanation  of  the  physical  nature 
of  the  failure  mechanisms  and  a  complete  Failure  Mode  Chart  which  defines 
failure  codes  and  relates  the  failure  mode  categories,  failure  mechanisms 
and  failure  causes. 

The  comprehensive  step-stress  tests  have  been  continued.  The  175°C  forward 
current,  forward  voltage  and  reverse  voltage  stresses  are  completed,  and  the 
data  analysis  will  be  Included  in  the  next  report.  The  200°C  and  225°C 
stresses  will  be  completed  next.  The  step-stress  data  will  be  used  to  extend 
the  range  of  the  reverse  bias  portion  of  the  Deterministic  Model  as  well  as 
to  make  certain  that  all  the  necessary  stresses  are  included  in  the  Determin¬ 
istic  Model  test  plan. 
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SECTIOH  I 


DIODE  GRADATION  STUDIES 

1-1  Introduction 

The  work  of  the  current  reporting  period  was  concentrated  on  the  deg¬ 
radation  which  followed  forward  bias  stressing.  It  was  found  that 
there  were  other  characteristic  features  of  the  degraded  diodes  in 
addition  to  the  excess  reverse  current.  Degradation  patterns,  similar 
to  those  resulting  from  forward  bias  stress ,  were  also  found  to  be 
caused  by  seme  other  types  of  stress.  The  sealing  process,  which  sub¬ 
jects  the  pellet  to  high  temperature  and  pressure,  Irads  to  a  degrada¬ 
tion  of  the  diode  characteristics  quantitatively  similar  to  that  re¬ 
sulting  from  forward  ''urrent  stresses.  The  degradation  is  relieved  by 
an  annealing  and  heat  aging  process,  although  seme  of  the  degradation 
remains  in  some  of  the  units.  Pellets  which  were  studied  before  the 
sealing  process  were  found  t^  be  very  stable  against  forward  current 
degradation.  Storing  diodes  without  bias  at  high  temperature  was  also 
found  to  degrade  the  diodes  in  the  same  manner  as  the  forward  current . 
The  characteristic  responses  to  these  stresses  were; 

1.  excess  reverse  current 

2.  walkout 

3.  microplasma  light  emission 
l*.  microplasma  noise. 

Observation  <^f  microplasma  light  and  noise  suggested  a  model  of  the 
failure  mode  based  on  ion  motion  in  or  near  the  silicon-silicon  oxide 
transition  region  which  caused  a  decrease  in  the  surface  breakdown  volt- 


rge.  The  excess  current  was  determined  to  he  the  superposition  of  the 
currents  of  many  localised  breakdown  regions. 


1*2  The  Hature  of  the' Forward  Bias  Degradation 

The  following  paragraphs  describe  the  degradation  response  of  the  diode 
following  the  application  of  large  forward  currents.  Figure  1  shows  a 
log-log  plot  of  representative  voltage-current  characteristics  for  cur¬ 
rents  lese  than  one  milliaapere .  For  currents  greater  than  one  milliam- 
pere,  the  forward  current  increased  less  rapidly  with  forward  voltage, 
and  at  100  aillismperes ,  the  mean  forward  voltage  drop  was  0.97  volts. 
The  primary  degradation  caused  by  forward  current  stressing  was  an  in¬ 
crease  of  the  reverse  current  as  measured  at  room  temperature.  The  five 
important  variables  which  determined  the  change  in  reverse  leakage  cur¬ 
rent  were: 

Ip  -  The  forward  current  at  which  the  diode  was  stressed. 

'I  -  The  ambient  stress  temperature, 

tg  -  The  duration  of  the  stress. 

Vp  -  The  reverse  voltage  at  which  the  current  was  measured. 

Tu  -  The  measuring  temperature. 

No  significant  changes  in  the  forward  characteristic,  or  in  the  reverse 
characteristic  below  100  millivolts,  have  been  observed  to  result  from 
these  stresses.  To  emphasize  diode  to  diode  variance.  Figure  2  shows  & 
linear  plot  of  the  reverse  voltage-current  characteristic  for  three 
diodes  from  the  same  diffusion  lot.  Probing  the  reverse  characteristics 
of  pellets  which  were  not  sealed  showed: 


FORWARD 


1.  a  lover  average  current  in  the  range  from  30-80  volt# 

2.  less  variation  from  unit  to  unit  • 

As  discussed  below,  the  significance  of  this  observation  to  the  relia¬ 
bility  studies  was  that  the  pellets  which  vere  not  fabricated  into  fin¬ 
ished  devices  were  far  less  susceptible  to  the  forward  bias  degradation. 
Moreover,  the  fabrication  process  was  known  to  lead  to  a  mode  of  device 
degradation  which  had  many  characteristics  identical  to  those  resulting 
from  forward  bias  stressing;  that  is,  the  fabrication  process  caused  the 
diodes  to  exhibit  large  reverse  leakage  currents,  walkout,  microplasaa 
noise,  and  light  emission.  Thus,  the  individual  differences  among 
diodes  shown  in  Figure  2  were  the  result  of  differing  levels  of  degra¬ 
dation  resulting  from  the  sealing  process  and  differing  amounts  of  re¬ 
covery  during  the  aging  and  annealing  p  ocess .  These  effects  will  be 
monitored  in  the  deterministic  model  test  plan,  which  is  discussed  later. 

It  did  not  appear,  however,  that  the  remnant  damage  following  the  aging 
process  provided  a  basis  for  screening  the  diodes  for  susceptibility  to 
forward  bias  degradation.  However,  successful  screening  procedures  have 
been  demonstrated  and  will  be  discussed  later. 

* 

Figure  3  illustrates  a  response  which  was  shown  by  roughly  one-third 
of  the  diodes  tested.  The  solid  lines  show  the  state  (measured  at  room 
temperature)  of  the  diode  after  various  periods  of  stress  at  forward 
currents  of  200  miliiamperes  and  an  ambient  temperature  of  l80°C.  The 
characteristics  were  recorded  with  an  X-Y  recorder  after  each  period  of 
stress.  The  solid  lines  indicate  the  progressive  nature  of  the  degradation 
and  show  that,  unlike  the  reverse  bias  mode,  there  was  no  indication  of 
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any  saturation  of  the  degradation  after  long  periods  of  stress.  The 
results  of  annealing  the  units  at  Ul»0°C  without  an  applied  bias  are 
shown  in  the  dashed  curves.  It  is  seen  that  there  was  a  rapid  initial 
recovery,  but  after  18  hours  the  recovery  was  far  from  complete.  In 
less  severely  degraded  diodes,  nearly  complete  recovery  resulted  from 
the  annealing  process.  Temperatures  in  the  500°C  to  600°C  range  re¬ 
sulted  in  recovery  at  low  voltages ,  but  increased  degradation  at  higher 
voltages.  Some  of  the  diodes  were  found  to  degrade  rathir  than  recover 
under  zero  bias  annealing.  The  dependence  on  reverse  measuring  voltage 
was  also  different  from  that  of  the  reverse  bias  failure  in  that  the 
excess  current  increased  rapidly  with  reverse  voltage.  Figure  h  is  a 
log-log  plot  of  the  excess  current  as  a  function  of  reverse  voltage, 
and  the  slope  indicates  that  below  approximately  forty  volts  SL  was 
proportional  to  VpSrith  n  values  in  range  from,  two  to  four  . 

Larger  exponents  were  necfcc-sfery  \o  fit  the  excess  current  gt  large  volt¬ 
ages  in  the  heavily  degraded  dwvii-.e*.  The  fact  ibnt  dif?<£l*eat  nents 

1 

were  needed  to  fit  the  excess  current  curves  when  the  ode  had  exper¬ 
ienced  different  amounts  of  stress  indicated  tfe&i  the  power  law  behavior 
of  the  excess  current  vsi  not  fundamental  to  the  failure  mechanism  being 
investigated.  However,  to  distinguish  this  type  of  degradation  ft  am  that 
shown  in  Figure  5,  it  is  convenient  to  use  ths  term  power  law  degradation 
for  the  behavior  shown  in  Figures  3  and  b. 

Figure  5  shows  another  form  of  reverse  current  degradation  frequently 
observed  after  forward  bias  stressing.  TThere  was  no  excess  current  until 
a  certain  critical  voltage  was  applied.  Above  this  voltage,  the  current 
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increased  rapidly.  Observation  of  the  excess  current  at  higher  levels 
than  those  shown  in  Figure  5  demonstrated  that  the  excess  current  was 
approx irately  linear  with  voltage  and  that  no  decrease  in  the  high 
current  (aH,ve  1  milllampere'  breakdown  voltage  had  occurred.  It  was 
found  that  continued  stressing  could  result  in  a  decrease  in  the  critical 
voltage,  but  often  the  result  of  continued  stressing  was  the  gradual 
appearance  of  a  power  lav  degradation  at  low  voltages.  Heat  treatment 
at  Ui»0°C  without  bias  usually  resulted  in  an  increase  in  the  critical 
voltage,  but  not  in  the  complete  recovery  of  the  diode. 

A  third  behavior  found  in  ten  to  twenty  per  cent  of  the  diodes  was  the 
absence  of  any  detectable  degradation  in  reverse  current  below  eighty 
volts,  even  after  prolonged  forward  current  stress. 

The  same  modes  of  degradation  could  be  observed  at  lower  ambient  temp¬ 
eratures,  although  longer  duration  stresses  were  required.  With  a  room 
temperature  ambient,  it  was  found  that  a  forward  current  of  300  milliam- 
peres  would  produce  significant  degradation  in  most  units  in  less  than 
a  day  and  very  severe  degradation  within  a  week.  The  failure  modes  dis¬ 
cussed  above  were  the  only  ones  detected  for  forward  currents  up  to  300 
milliamperes  and  temperatures  up  to  210°C.  The  rate  of  degradation  was, 
of  course,  dependent  on  temperature  and  current.  At  room  temperature  the 
same  failure  mods  applied  to  even  higher  current  levels.  Figure  6  shows 
the  rapid  onset  of  degradation  at  a  current  level  of  500  milliamperes, 
it  room  temperature.  It  is  seen  that  the  diode  could  withstand  this 
current  for  periods  of  3  ass  thai  a  minuw,  but  severe  degradation  resulted 
from  the  longer  stresses.  The  degradation  would  have  been  even  more 
rapid  except  that  the  diode  was  walked  out  after  each  period  of  stress 


10 


(the  phenomenon  of  walkout  is  discussed  in  detail  ir.  paragraph  l.U). 

As  the  current  was  increased,  similar  degradation  was  experienced  but 
it  occurred  more  rapidly,  with  30  seconds  at  0.9  amperes  forward  cur¬ 
rent  being  roughly  equivalent  to  35  minutes  at  0.5  amperes.  Thirty 
seconds  at  1.2  amperes  produced  a  new  type  of  failure,  but  rectification 
was  stixl  present  and  the  diode  drew  3-5  microamperes  at  a  reverse  volt¬ 
age  of  30  volts  and  180  microamperes  at  a  reverse  voltage  of  60  volts. 
Thirty  seconds  at  1.5  amperes  resulted  in  a  shorted  junction,  with  a 
resistance  of  0.05  ohms,  which  was  the  series  resistance  expected  from 
the  epitaxial  material  beneath  the  junction.  The  junction  temperature 
at  the  1.5  ampere  current  level  probably  resulted  in  the  alloying  of 
the  silver  contact  and  the  silicon  which  then  resulted  in  the  shorted 
junction.  It  is  important  to  note  for  the  situation  shown  in  Figure  6 
that  when  the  characteristic  vas  measured  at  high  current  levels  (in  the 
vicinity  of  one  milliampere)  it  was  found  that  the  junction  breakdown 
voltage  was  unchanged  from  the  creatress  value. 

To  investigate  the  room  temperature  response  to  forward  bias  stressing, 
four  diodes  were  subjected  to  a  forward  bias  of  300  milliamperes  at  room 
temperature  ambient  along  with  two  double  heat  sink  diodes  manufactured 
by  a  vendor  other  than  General  Electric.  One  of  the  General  Electric 
diodes  remained  stable  under  this  stress  for  over  a  week  and  gave  no 
indication  of  failure.  The  other  three  diodes  degraded  badly  after  20 
to  ho  hours  of  this  stress.  The  diodes  manufactured  by  the^ other  vendor 
also  failed,  with  a  rate  and  magnitude  of  degradation  very  similar  to 
the  three  General  Electric  diodes.  The  mode  of  failure  appeared  to  be 
identical  to  the  degradation  of  diodes  under  forward  bias  'at  high 
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t«p*r*ture.  In  the  first  few  hours,  the  diode  characteristic  hardened 
slightly  prior  to  the  onset  of  degradation. 

is  an  important  comparison  between  characteristics  of  the  un¬ 
stressed  diodes  in  Figure  2  and  those,  of  the  degraded  units  in  Figures 
3,*»  and  6.  It  is  seen  that  unit  I  in  Figure  2  had  a  characteristic 
nhioh  resembled  that  of  an  initially  harder  diode  which  had  undergone  a 
substantial  amount  of  power  law  degradation.  Unit  II  had  a  characteristic 
which  resembled  those  of  degraded  units  which  had  a  rapid  current  increase 
shore  a  critical  voltage.  This  was  confirmation  of  the  idea  that  the 
degradation  which  accompanied  the  sealing  process,  and  which  necessitated 
the  annealing  and  aging  process,  was  of  the  same  nature  as  that  observed 
following  forward  bias  degradation.  It  also  indicated  that  the  annealing 
and  aging  process  did  not  completely  remove  this  degradation.  This  compar¬ 
ison  also  required  that  any  attempt  to  calculate  the  reverse  voltage- 
current  characteristics  of  the  unstressed  diodes  nust  allow  for  the  presence 
of  an  excess  current  component.  This  component  could  not  be  attributed  to 
uniform  or  nearly  uniform  pre-avalanche  multiplication  in  the  high  field 
region  between  the  Junction  and  the  sub-epitaxial  layer,  since  the  break¬ 
down  voltage  of  this  region  was  known  to  be  unaffected  by  stress. 

The  temperature  dependence  of  the  excess  current  is  shown  in  Figure  7. 

The  solid  line  shows  the  behavior  of  the  generation  current  in  the  unde¬ 
graded  diode.  The  high  temperature  slope  corresponded  to  an  activation 
energy  of  0.71  ev  which  was  which  within  the  experimental  error  of  earlier 
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ARM5NIU5  PLOT  OF  REVERSE  CURRENT  FOR 

degraded  and  undegraded  diodes 


degradation  was  less  strongly  temperature  dependent  than  the  junction 
generation  current.  This  was  different  frost  the  excess  current  follow¬ 
ing  reverse  bias  degradation,  which  showed  the  same  temperature  depen¬ 
dence  as  the  generation  current.  The  activation  energy  of  .08  ev  was 
not  a  constant,  but  was  smaller  for  higher  measuring  voltages,  where 
more  excess  current  flowed.  The  weaker  dependence  on  temperature  made 

the  observation  of  excess  current  caused  by  forward  bias  degradation  at 

% 

elevated  temperatures  more  difficult  than  in  the  reverse  bias  case, 
because  at  high  temperatures  the  component  due  to  forward  bias  degrada¬ 
tion  was  small  compared  to  the  Junction  generation  current.  However,  in 
heavily  degraded  diodes,  excess  current  caused  by  forward  bias  degrada¬ 
tion  could  be  observed  at  lU0°C.  Unlike  the  case  of  the  reverse  bias 
failure  mode,  this  technique  has  not  proved  useful  for  determining  rates 
of  degradation. 

1.3  High  Temperature .  Zero  Bias  Stresses 

It  was  found  that  heating  the  diodes  into  the  range  of  U00°C  to  550°C, 
with  no  applied  bias,  resulted  in  a  degradation  of  the  room  temperature 
reverse  current  characteristic  which  was  identical  with  that  produced  by 
forward  current  stressing.  Both  power  law  and  abrupt  increases  in  the  re¬ 
verse  leakage  current  were  observed  but  units  showing  power  law  degradation 
were  less  common.  It  was  found  that  the  extent  of  the  damage  produced  by 
zero  bias  heating  was  completely  different  when  the  diode  was  cooled  slowly 
from  the  elevated  temperature  (over  a  period  of  five  hours)  than  when  the 
diode  was  cooled  rapidly,  or  quenched,  (in  a  period  of  5  to  10  seconds)  by 
placing  it  on  a  large  room  temperature  heat  sink.  In  the  former  case,  not 
much  degradation,  and  often  an  improvement,  was  observed.  However,  when  the 

diode  was  quenched  from  the  high  temperature,  degradation  was  always  observed. 
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figure  8  shove  the  behavior  of  one  diode  vhlch  vas  subjected  to  repeated 
periods  at  500°C.  The  cross  hatched  bars  shov  the  reverse  voltage  which 
vas  necessary  to  maintain  a  reverse  current  of  10  microamperes .  The 
solid  bars  show  the  reverse  voltage  which  was  necessary  to  maintain  a 
reverse  current  of  ho  nanoamperes.  The  recovery  which  occurred  when  the 
diode  vas  heated  and  slowly  cooled  is  very  evident.  After  the  first  slow 
cooling,  it  is  seen  that  the  reverse  characteristic  was  even  harder  than 
it  vas  before  the  temperature  stress.  The  diode  vas  quenched  after  each 
period  at  the  elevated  temperature  except  for  the  tvo  cases  marked  slow 
cool.  It  may  be  seen  that  the  major  degradation  took  place  in  the  first 
hour  followed  by  a  gradual  degradation.  This  pattern  was  expected  since 
other  experiments  had  shown  that  most  of  the  degradation  at  500°C  occurred 
in  the  first  two  minutes.  After  the  diode  had  been  heated  and  cooled 
slowly,  considerable  recovery  vas  observed.  This  response  pattern  should 
provide  information  on  the  true  temperature  dependence  of  the  mechanism 
responsible  for  tas  forward  bias  degradation. 

The  basic  similarity  betveen  the  forward  current  -  induced  degradation 
and  the  degradation  caused  by  zero  bias,  high  temperature  stressing  was 
established  by  the  presence  in  both  cases  of  walkout,  microplasma  noise, 
light  emission  and  by  the  similar  dependence  of  this  excess  current  on  re¬ 
verse  bias.  During  the  second  set  of  quenches  shown  in  Figure  8,  betveen 
1*1  and  J»9  hours,  the  ambient  stress  temperature  was  raised  to  550°C  with¬ 
out  markedly  increasing  the  degradation. 

In  addition  to  degrading  the  room  temperature  reverse-current  characteris¬ 
tic,  the  high  tempera'  '  re  stresses  affected  the  silver  to  silicon  anode 
contact.  In  one  case,  after  quenching  the  diode  was  open  circuited 
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CROSS  HATCHED  BARS  SHOW  THE  VR  NECESSARY  TO  MAINTAIN  IR  AT 
10wA.  SOLID  BARS  SHOV  THE  VR  NECESSARY  TO  MAINTAIN  Ij,  AT  l*OnA. 

FIGURE  8 

HIGH  TIMPERATURE,  ZERO  BIAS  STRESS  AND  RECOVERY 
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tat  contact  vu  restored  by  soother  heat log-cooling  cycle.  There  also 
.tan  a  decrease  in  the  low  voltage  current  floe,  indicating  an  increased 
contact  potential.  Heating  the  diodes  to  still  higher  temperatures 
(600°C)  led  to  the  flov  of  the  sealing  gloss  and  usually  to  a  change 
of  position  of  tha  heat  sink  slugs  relative  to  the  silicon  pellet.  These 
distorted  diodes  were  usually  open,  or  had  large  forward  voltage  drops, 

•ad  for  this  reason  550°C  was  about  the  practical  Halt  for  heat  stress¬ 
ing  or  annealing  the  dicle.  It  should  be  noted  that  lead  oxidation, 

while  severe,  was  not  a  limiting  factor  in  these  heating  experiments  be¬ 

cause  of  the  short  stress  times. 

f 

l.k  Walkout 

A  recurring  feature  of  the  forward  bias  failure  mode  was  the  presence  of 
walkout  (or  push)  which  was  a  spontaneous  hardening  of  the  reverse  voltage 
-currant  characteristic  when  large  currents  were  first  applied  to  the  de¬ 
graded  diode.  A  typical  walkout  effect  is  shown  in  Figure  6.  In  the 

prestress  condition,  the  reverse  characteristic  was  stable  and  could  be 

measured  to  currents  above  one  milliempere  without  causing  soy  instability. 
After  a  period  of  forward  bias  stress,  an  excess  current  appeared  above  a 
critical  voltage  which  decreased  with  increasing  stresses.  It  was  found, 
however,  that  the  excess  current  was  not  stable  and  if  the  voltage  was  held 
fixed  lust  above  the  critical  value,  the  current  decreased  rapidly  toward 
the  prestress  value.  Most  of  the  decrease  occurred  in  the  first  20  seconds 
after  the  overvoltage  was  applied  but  a  gradual  decrease  continued  for 
about  two  minutes.  If  the  measuring  voltage  was  increased  a  volt  or  two, 
the  whole  process  was  repeated  with  the  original  measuring  voltage  acting 
M  th9  critical  voltage.  This  process  could  be  repeated  many  times. 
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restoring  nearly  the  prestress  characteristic  over  a  range  of  30  to 
volts.  Walkout  vas  accomplished  more  rapidly  by  applying  a  large 
overvoltage,  sufficient  to  produce  reverse  current  in  the  range  from 
100  microamperes  to  1  ailliaapere.  When  this  vas  done  for  one  minute 
or  so  a  large  recovery  in  the  lov  current  characteristic  vas  observed 
as  shown  on  the  dashed  curve  in  Figure  6.  After  this  period  of  walkout 
the  reverse  voltage-current  characteristic  vas  found  to  be  stable  up  to 
the  voltage  at  which  the  walkout  was  performed. 

It  was  possible  to  record  the  progress  of  walkout  as  a  function  of  time 
by  connecting  the  diode  to  a  constant  voltage  source  and  measuring  the 
decreasing  current  or  by  using  a  constant  current  supply  and  measuring  the 
increasing  voltage.  Figure  9  shows  a  semi-log  plot  of  the  results  of  the 
first  procedure  for  a  non-gold  doped  diode  which  had  been  stressed  with  a 
current  of  200  milliamperes  at  a  temperature  of  215°C  for  2  hours.  The 
behavior  was  quantitatively  like  that  observed  in  the  gold  doped  diodes. 

A  reverse  voltage  of  32  volts  was  applied  when  the  critical  voltage  for 
excess  currents  was  28  volts.  Instantaneously ,  a  current  of  1.7  micro¬ 
amperes  f loved  which  decayed  in  5  seconds  to  0.8  microamperes  and  in  10 
seconds  to  0.32  microamperes.  From  this  point  on,  the  time  dependence  of 
the  current  could  be  represented  by: 

IR  »  exp  (t/t^)  ♦  C2  exp  (t/t^)  where 

Cl  "  n*no**P*re*  404  *  ^5  naaoeaperes , 

The  time  constants  t^  and  t,>  were  17  seconds  and  97  seconds  respectively. 
Figure  10  shows  the  results  of  the  procedure  of  maintaining  a  constant  cur¬ 
rent  of  2  microamperes  while  voltage  increased.  Sere,  again,  the  walk¬ 
out  shoved  an  exponential  behavior  with  two  components,  one  cf  which  satur¬ 
ated  more  quickly  than  the  other.  The  curve  was  accurately  represented  by  t 
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VR  •  T5  -  23  exp  (t/270)  -  19  exp  (t/15) 

^•re  VR  is  in  volts  and  t  is  in  seconds. 

The  walkout  was  observed  in  diodes  af ;er  sealing  and  before  the  annealing 
end  aging,  in  diodes  which  bad  been  degraded  with  forward  bias,  and  diodes 
which  bad  been  degraded  with  xero  bias,  high  temperature  storage.  This 
was  evidence  for  the  common  origin  of  all  three  types  of  degradation.  In 
all  three  situations,  the  time  dependence  of  walkout  was  similar  and 
could  be  accellerated  by  increasing  the  overvoltage.  Walkout  was  observed 
in  diodes  shoving  power  law  degradation  as  well  as  those  with  abrupt  in¬ 
creases  in  reverse  ourr«&t.  If  walkout  originated  from  localized  heating, 
the  excess  current  must  have  been  very  concentrated  as  walkout  was  often 
observed  for  currents  less  than  40  nanoamperes  at  voltages  less  than  40 
volts  where  the  total  power  *nto  the  Junction  was  only  1.6  microwatts. 

It  is  not  clear,  at  the  pres*nt  time,  whether  thu  double  exponential 
time  dependence  of  the  walkout  represents  a  fundamental  property  or  is 
merely  a  superficial  effect.  The  time  scale  of  the  walkout  is  interesting 
because  it  requires  a  very  long  period  compared  to  most  electrical  events 
in  silicon  and  a  very  short  period  compared  to  ionic  processes  in  silicon, 
or  silicon  oxide,  at  room  temperature.  It  is  possible  that  the  walkout 
it  related  to  the  time  dependent  breakdown  voltages  observed  in  high  volt- 

(p) 

age  rectifiers. 

1 . 5  Microple&ata  Koise 

The  degradation  resulting  from  forward  bias  stressing  was  suggestive  of  an 
avalanche  breakdown  mechanism  and,  for  this  reason,  a  search  was  made  for  the 
random,  rectangular  noise  pulses  known  to  accompany  such  breakdown.  The 
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reverse  current  of  the  degraded  diodes  was  found  to  have  a  large  noise 
component  and,  in  about  10  per  cent  of  the  units  studied  rectangular 
current  pulses  were  observed. 


In  gas  discharge  physics,  the  highly  conducting  regions  of  a  neutral 

(3) 

gas  are  referred  *0  as  a  plasma  and  by  analogy  Rose  designated  small, 
highly  conductive,  regions  of  P-N  junctions  as  aicroplasaas.  Micro¬ 
plasmas  result  frco  the  presence  of  some  defect  near  the  Junction  which 
causes  this  local  breakdown  voltage  to  be  smaller  than  the  value  char¬ 
acteristic  of  the  Junction  as  a  whole.  Consequently,  as  the  reverse 
voltage  is  increased  above  a  critical  value  the  microplasma  goes  into 
avalanche  and  large  reverse  currents  can  flow,  although  the  reverse 
voltage  is  less  than  I’ne  true  Junction  breakdown  voltage.  The  current 
resulting  from  a  single  microplasma  is  piece-wise  linear,  and  is  given 
by: 


1  *  !VB  -V 


V  >v 
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Here  VQ  is  the  breakdown,  or  turn-on,  voltage  of  the  microplasma  and 
Rg  is  a  series  resistance  which  limits  the  current  through  the  avalanching 
region.  The  current  is,  of  course,  superimposed  on  the  normal  reverse 

current  of  the  rest  of  the  Junction.  The  resistance,  R_,  is  the  sum  of  the 

s 

spreading  resistance  of  the  path  leading  to  the  small  breakdown  region  and 

(U> 

a  space  charge  component.  Microplasma  breakdown  is  localized  in  regions 
one  micron  or  less  in  diameter. 

It  is  found  that  once  a  microplasma  breakdown  is  initiated,,  it  does  not 
continue  indefinitely  even  though  the  reverse  voltage  is  held  constant 
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a  value  greater  than  V^.  Rather  the  current  flows  as  a  sequence  of 
**andcoly  spaced  rectangular  pulses  The  pulses  are  characterized 

by: 

-  the  turn  on  probability  per  unit  time. 

P10  ~  The  turn  off  probability  per  unit  time- 

The  reciprocal  of  represents  the  mean  time  between  pulses  and  1/P^q 
is  the  mean  pulse  length.  The  two  probabilities  are  voltage  dependent 
with  increasing  and  P1Q  decreasing  rapidly  as  the  reverse  voltage  is 
increased  above  V^.  For  overvoltages  large  enough  so  that  is  very- 
small,  the  pulse  length  becomes  very  long,  the  microplasma  is  turned  on 
almost  all  the  time,  and  the  noise  component  of  the  microplasma  current 
vanishes. 

'ftn?  circuit  shown  in  Figure  11  was  constructed  to  look  for  microplasma 
noise  pulses.  The  resistor  in  series  with  the  diode  provided  a  voltage 
pulse  across  the  oscilloscope  input  each  time  there  was  a  current  pulse 
generated  in  the  diode.  The  circuit  was  built  inside  a  metal  box  to  re¬ 
duce  pickup  noise  and  the  signal  was  carried  to  the  CRO  with  shielded 
cable.  The  shielding  was  not  required  for  the  smaller  series  resistors, 
but  it  was  necessary  when  the  100  kilohm  or  1  megohm  resistors  were  used. 

The  diodes  which  had  been  degraded  with  forward  current  were  found  to 
contain  an  easily  measured  noise  component  in  the  reverse  current*  The 
maximum  sensitivity  of  the  oscilloscope  used  was  5  mv/division.  Using 
this  sensitivity,  the  noise  was  best  observed  across  the  one  megohm  re¬ 
sistor  although  it  could  be  seen  when  the  10  kilohm  resistors  were  used. 
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FIGURE  11 

CIRCUIT  FOR  OBSERVING  MICROPLASMA  PULSE  NOISE 
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nplitude  of  the  noise  vu  voltage-dependent.  There  was  no  noise 
component  for  voltages  below  the  onset  of  the  excess  current  aud  the 
noise  amplitude  increased  rapidly  with  voltage  above  this  level.  This 
noise  was  observed  to  accompany  the  excess  current  in  the  following 
types  of  unit: 

1.  diodes  degraded  by  forward  bias  stressing  (both  in  units  showing 
power  law  and  critical  voltage  types  of  excess  current), 

2.  diodes  degraded' by  zero-bias,  high  temperature  stressing, 

3.  units  which  had  been  sealed  but  not  annealed  or  aged, 

units  of  the  type  I  and  II  in  Figure  2  which  showed  traces  of  dam¬ 
age  remaining  after  annealing  and  aging. 

The  noise  being  discussed  should  not  be  confused  with  the  generation- 
recombination  noise  observed  in  all  P-N  junctions  at  all  voltages,  or 
with  1/f  noise,  as  these  noise  types  are  of  much  smaller  amplitude  and 
require  much  more  elaborate  techniques  for  their  observation. 

Shown  in  Figure  12  are  five  separate  traces  of  the  voltage  across  the 
1  megohm  resistor  as  a  particular  diode  was  held  at  a  constant  reverse 
bias  in  the  region  of  excess  current.  The  vertical  sensitivity  was  5  mv/ 
division  and  the  horizontal  sensitivity  was  1.0  millisecond /division.  If 
the  traces  acre  numbered  1  through  5  starting  at  the  top  of  the  photograph, 
it  is  seen  that  trace  1  shoved  three  pulses,  trace  2  showed  two,  trace  ^ 
showed  none,  and- trace  5  showed  four,  and  the  beginning  of  a  fifth.  The 
curvature  of  the  leading  and  trailing  edges  was  caused  by  the  charging  of 
various  stray  capacitances  in  the  measuring  circuit  and  it  is  seen  that 
the  time  constant  was  about  0.1  millisecond.  As  the  1.0  megohm  load 
resistor  was  in  parallel  with  the  oscilloscope,  which  also  has  a  1.0 


megohm  input  impedence,  the  actual  loaa  resistor  was  0.5  megohm.  From 
the  observed  time  constant,  the  series  equivalent  stray  capacitance  was 
'2QQ  picofarads-.  Because  of  the  large  time  constant,  the  measuring  cir- 
cuit  would  not  respond  faithfully  to  any  pulse  shorter  than  a  few  tenths 
of  a  millisecond .  This  is  the  reason  for  the  non-rectangular  pulses  in 
trace  3,  which  shows  a  train  of  closely  spaced  short  pulses.  In  all  the 
traces,  it  is  seen  that  there  la  a  background  component  to  the  noise 
superimposed  on  the  rectangular  pulses.  In  many  degraded  diodes,  the 
background  component  was  much  larger  than  that  shown  in  the  figure  so  that 
the  presence  of  the  rectangular  pulses  was  obscured.  The  amplitude  of  the 
current  pulse  required  to  give  a  1.5  millivolt  pulse  across  a  0,5  megohm 
resistor  was  only  3.0  nanoamperes.  The  total  current  in  the  diode  at  this  volt¬ 
age  was  about  Uo  na::.oamperes .  This  particular  unit  manifested  power  law 
excess  current  after  the  annealing  and  aging  and  did  not  require  stress  to 
initiate  the  noise  behavior. 

Figure  13  shows  the  response  of  a  different  diode,  with  a  more  common  be¬ 
havior,  which  exhibited  several  sets  of  superimposed  pulses.  The  vertical 
scale  was  again  5  mv/division,  and  the  load  resistor  was  1  megohm  but 
the  horizontal  scale  was  10  milliseconds/division.  Except  in  the  bottom 
trace,  several  sets  of  superimposed  pulses  are  seen. 

As  the  voltage  across  a  diode  producing  rectangular  pulses  was  increased, 
the  rectangular  pulses  were  replaced  by  a  uniform  background  of  large 
amplitude  noise.  This  may  be  the  result  of  the  superposition  of  an  enormous 
number  of  rectangular  pulses .  In  most  units  only  this  background  noise 
was  observed,  and  no  single  set  of  pulses  could  be  resolved. 


MICROPLASMA  NOISE  PULSES 
FIGURE  12 


SUPERIMPOSED  NOISE  PULSES 
FIGURE  13 


The  pulses  observed  in  the  degraded  diodes  and  the  microplasma  pulses 
usually  discussed  in  the  literature  had  qualitative  similarities  and 
quantitative  differences.  The  similarities  between  the  two  types  of 
pulses  were: 

1.  rectangular  shape, 

2.  all  pulses  in  a  single  pulse  train  were  of  the  same  amplitude, 

3.  pulses  were  of  random  length  and  there  was  a  random  interval  be¬ 
tween  pulses. 

The  dissimilarities  were  in  the  magnitude  of  the  current  pulses,  which 
are  usually  reported  as  being  of  the  order  of  50  to  100  microamperes  in 
the  literature,  and  were  of  the  order  of  10  nanoamperes  in  the  degraded 
diodes.  The  series  resistance  is  usually  reported  to  be  approximately 
10  kilohms,  while  in  the  degraded  diodes  it  was  greater  than  one  megohm. 
Conventional  microplasmas  produce  pulses  over  a  range  of  only  one  to  four 
volts  above  the  turn  on  voltage.  In  the  degraded  diodeB,  pulses,  appear¬ 
ing  to  result  from  a  single  source,  could  be  observed  over  a  range  of 
more  chan  ten  volts.  The  most  important  difference  for  reliability  pur¬ 
poses  was  that,  while  most  conventional  microplasmas  do  not  show  a 
deci'ease  in  turn-on  voltage  when  stressed,  the  stress-induced  microplasmae 
in  the  degraded  diodes  showed  a  continual  decrease  in  VQ  vith  increasing 
stress  time. 

For  comparison ,  Figure  lb  shows  the  voltage-current  characteristic  of 
a  non-gold  doped  diode  possessing  a  conventional  microplasma.  The  ver¬ 
tical  step  in  current  near  VQ  reflected  the  inability  of  the  measuring 
equipment  (electrometer  and  X-Y  recorder)  to  follow  the  rapid  fluctuation 
in  the  current  Just  above  V  .  This  microplasma  was  not  stress  induced, 


29 


DIODE  WITH  CONVEHTIOSAL  MICROPLASMA 


but  resulted  from  a  manufacturing  defect  (diffusion  spike  or  a  gross 
surface  defect ) .  The  diode  showed'  pulses  of  a  much  higher  amplitude 
(which  could  be  observed  across  the  100  ohm  resistor)  than  those  of 
the  stress  induced  microplasmas.  The  quantitative  dissimilarities  of 
the  two  types  of  microplasma  may  be  due  to  differences  in  size  of  the 
region  which  is  breaking  down. 

A  m 

1.6  Light  Emission  Studies 

The  objective  of  these  studies  was  to  observe  any  light  emitted  dur¬ 
ing  breakdown;  determine  the  location  of  the  light  source;  and  to  try 
to  obtain  a  correlation  between  the  light  emission  and  the  nature  of  the 
reverse  characteristics  of  the  diodes.  Initial  studies  were  carried  out 
to  determine  the  conditions  under  which  light  emission  could  be  observed. 
The  diode  pellets  were  removed  from  the  glass  envelopes  and  the  silver 
buttons  vere  lifted.  A  micro-manipulator  probe  was  used  to  establish  con¬ 
tact  with  the  window  area  of  the  pellet,  and  a  constant  power  supply  was 
uoed  to  reverse  bias  the  pellet.  By  controlling  the  current,  rather 
than  the  voltage,  it  was  possible  to  operate  well  into  breakdown  without 
danger  cf  the  current  running  away  and  destroying  the  junction.  The  biased 
pellets  were  observed  in  a  darkened  room  using  a  60  power  binocular  micro¬ 
scope. 

Light  emission  was  first  observed  from  a  number  of  degraded  diodes  at  re¬ 
verse  current  levels  of  k  or  5  milliamperes .  In  these  units,  the  light 
emission  continued  for  a  few  minutes ,  or  a  few  hours  at  most,  and  gradually 
faded  out.  The  optical  arrangement  used  in  these  initial  attempts  was  not 
suitable  for  obtaining  photographic  records  of  thie  emission  and  the  ma^- 
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nificatipn  vu  not  high  enough  to  permit  observation  of  the  light  at 
lower  current  levels.  Therefore,  in  subsequent  work,  the  diode  pellets 
wire  Mounted  on  transistor  headers  and  a  one  nil-gold  wire  vas  bonded 
to  the  P  region  to  provide  the  electrical  contact.  This  made  it  pos¬ 
sible  to  use  the  Metallurgical  microscope  to  observe  the  emission  at 
magnifications  as  great  aa  800  and  to  photographically  record  the  re¬ 
sults. 

When  the  technique  had  been  established  for  observing  the  light  emission 
from  the  diode  pellets,  a  systematic  evaluation  of  :  series  of  diodes 
vas  initiated.  Twenty-three  diodes  with  various  histories  were  selected, 
all  of  them  degraded.  The  reverse  characteristics  of  these  diodes  were 
measured;  the  pellets  removed  from  the  glass  envelope  and  the  silver  but¬ 
tons  removed;  the  reverae  characteristics  were  measured  again  using  the 
probe;  the  pellets  were  mounted  on  the  transistor  headers  with  a  wire 
bonded  to  the  P  region;  the  reverse  characteristics  were  measured  once 
more.  Of  the  twenty-three  pellets,  thirteen  were  damaged  in  handling  so 
that  ten  were  examined  for  light  emission.  Table  I  lists  the  diode  num¬ 
ber,  diode  type  and  the  type  of  degradation: 


DIODE 


TABLE  I 

DEGRADED  DIODES  FOP  EMISSION  STUDIES 

DIODE  TYPE  TYPE  OF  DEGRADATION 


STRESS 

A- 2 ,  A- 3.  A-* 

Gold  Doped 

500°C,  0  Bias 

A-5,  A-b,  A-8,  A- 9 

Gold  Doped 

Forward  Bias 

A-13,  A-l6 

Gold  Doped 

Never  Annealed 

A*  23 

Non-Gold  Doped 

Forward  Bias 

Light  emission  vas  observed  from  eight  of  tLe  ten  diodes.  All  five 
of  the  forward  bias  degraded  diodes  emitted  light.  For  four  of  these 
five  diodes,  the  light  emission  vas  observed  as  a  continuous  ring  coin- 
dident  with,  or  close  to,  the  junction.  The  light  emission  from  the 
other  diodes  appeared  to  come  from  discrete  spots  near  the  metallurgical 
Junction. 

-The  light  emission  from  several  of  the  diodes  vas  photographed  and 
Figure  15  is  a  photograph  of  the  emission  from  diode  A-3.  The  exposure 
time  is  unknown  since  the  shutter  vas  left  open  overnight  and  the  emission 
ceased  sometime  during  the  night.  The  picture  vas  taken  vith  k  milliam- 
peres  of  reverse  current  through  the  diode  and  vith  approximately  200  X 
magnification.  A  veil  defined  ring  of  discrete  spots  is  visible. 

The  light  from  diode  A-8  vas  emitted  in  a  continuous  ring.  TTiis  ring  vas 
bright  enough  so  that  it  vas  possible  to  photograph  it  simultaneously 
vilrj  a  dark  field  photograph  of  the  pellet  surface.  The  photograph  is 
shown  in  Figure  16,  which  vas  a  ten  minute  exposure  vith  2,5  miiliamperes 
of  reverse  current  through  the  diode  and  vith  an  approximate  magnification 
of  U00  X.  The  edge  of  the  window  is  clearly  visible,  as  are  the  etch  spots 
within  the  window.  The  irregular  bright  ring  at  the  edge  of  the  picture 
corresponds  to  the  location  of  the  edge  of  the  silver  button.  The  less 
bright  -ing  concentric  vith  the  window  edge  is  the  light  emitted  by  the 
diode,  Tre  distance  of  this  ring  fro®  the  window  edge  vas  measured  using 
a  reticle  eyepiece  or,  the  microscope  and  found  to  be  between  3  and  5  micron 
Thia  vas  close  to  the  expected  location  of  the  Junction  at  the  died?  sur¬ 
face.  Figure  1?  is  a  photograph  of  diode  A-2  vith  a  one  hour  exposure  and 
vith  1  milliampere  of  reverse  current  through  the  diode.  The  ring  :f  dis¬ 
crete  points  of  light  Is  clearly  visible. 
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DISCRETE  LIGHT  EMISSION 
FROM  DIODE  A-3 
FIGURE  15 


DISCRETE  LIGHT  EMISSION 
FROM  DIODE  A-2 
FIGURE  IT 
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An  attempt  vm  made  to  determine  at  what  current  level  the  light  emission 
firat  became  viaible  for  three  of  the  diodea.  The  lowest  current  at 
^Wsh  any  sample  was  found  to  emit  was  10  to  15  microamperes  (diode  A-?); 
Diode  A-2  emitted  down  to  35  microamperes,  while  A-5  emitted  down  to  at 
least  one  milliampere.  The  emission  gradually  faded  out  and  the  currents 
were  determined  by  the  viewing  conditions  which  prevailed  during  the  ex¬ 
periment  and  must  be  considered  only  as  upper  limits.  If  these  currents 
are  converted  to  voltages,  using  the  current-voltage  characteristic  curves 
for  these  diodes,  it  is  determined  that  the  lowest  voltage  at  which  emis¬ 
sion  was  observed  was  80  volts.  All  of  the  sources  of  light  which  were 
observed  appeared  to  exist  at  or  near  the  surface  of  the  pellet ,  as  indi¬ 
cated  by  several  considerations.  First,  the  light  sources  appeared  to  be 
in  sharpest  focus  when  the  surface  itself  was  in  focus.  The  microscope 
is  capable  of  discriminating  to  within  about  one  micron  in  depth  by  ad¬ 
justing  the  focus.  Second,  the  light  sources  appeared  to  be  white  or 

r. 

yellow,  whereas,  if  they  had  originated  at  any  considerable  depth  within 
the  silicon,  selective  absorption  would  have  resulted  in  a  red  color.  in- 
ally  the  fact  that  the  emission  occurred  very  close  to  the  expected  Inter¬ 
section  of  the  Junction  with  the  surface  would  also  indicate  that  the  emis¬ 
sion  is  a  near-surface  phenomena. 

1 . 7  Etching  Studies 

The  objectives  of  the  etching  studies  were  twofold.  The  first  ob'jctive 
ve.p  to  determine  the  effect  of  surface  etching  on  the  light  emission  from 
the  diode;  and  second,  to  observe  the  effect  on  the  reverse  characteristics 
of  degraded  diodes  as  the  oxide  and  silicon  were  progressively  etched  away. 
Four  of  the  diodes  which  had  previously  been  observed  to  emit  light  were 


selected  for  the  first  etching  experiment,  A-3,  A-8,  A-9»  and  A-23. 

Each  of  these  diodes  were  etched  in  HF  for  one  minute  to  remove  the 
oxide  surface  layer  and  then  were  examined  under  reverse  bias  for  any 
changes  in  the  light  emission.  Diode  A-8  was  observed  to  be  emitting  light, 
but  the  character  of  the  emission  changed  from  a  continuous  ring  to  a  ring 
of  discrete  point  sources  of  light.  This  is  illustrated  inv Figure  18 
which  contains  two  photographs  of  the  emission,  before  and  after  the  etch¬ 
ing.  Both  of  these  photographs  were  made  with  the  same  reverse  current 
through  the  diode  and  with  the  same  exposure.  By  reducing  the  current 
through  the  diode,  while  watching  the  emission  through  the  microscope,  it 
was  possible  to  observe  the  emission  at  currents  as  low  as  10  microamperes. 
The  results  obtained  for  A-9  were  essentially  the  same  as  those  for  A-8. 

The  A-23  diode  appeared  to  be  damaged  by  the  etching,  with  cracks  appear¬ 
ing  in  the  silicon.  The  only  emission  seen  after  etching  was  one  bright 
spot  well  into  the  window  area.  The  A-3  diode  lead  wire  wa«  1  during 

the  etching  process  and  it  was  not  possible  to  study  the  emission  after 

« 

etching. 

The  fact  that  the  character  of  the  emission  was  changed  by  etching  of  the 
oxide,  for  both  A-8  and  A-9  indicated  that  the  emission  was  a  surface 
phenomena.  The  fact  that  the  emission  during  breakdown  changed  from  a 
continuous  to  a  discrete  distribution  will  be  useful  evidence  in  formu¬ 
lating  a  physical  model  for  the  breakdown  process. 

In  order  to  carry  out  the  experiment  in  which  the  effect  of  etching  on 
the  reverse  characteristic  was  observed,  it  was  first  necessary  that  a 
technique  of  etching  and  cleaning  the  silicon  surface  be  developed.  Con¬ 
tamination  of  the  surface,  especially  with  adsorbed  moisture,  can  seriously 
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a)  Before  Etching  of  Oxide  b)  After  Etching  of  Oxid> 

EFFECT  OF  ETCHING  ON 
LIGHT  EMISSION 

FIGURE  18 
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degrads  the  diode  reverse  characteristic. 


The  first  diode  on  which  significant  results  were  obtained  was  A-6. 

The  reverse  characteristic  curves  for  this  diode  both  before  the  de¬ 
gradation  and  after  the  surface  etching  are  shown  in  Figure  19.  This 
diode  had  not  degraded  appreciably  under  the  forward  bias.  However,  after 
etching  the  reverse  characteristic  was  somewhat  improved  over  the  original', 
undegraded  diode .  The  procedure  followed  in  etching  this  diode  involved  a 
one  minute  etch  in  HF,  followed  by  a  two  second  etch  in  lodine-B,  and  a 
quench  in  distilled  water.  The  diode  was  than  rinsed  in  flowing  hot  (200°F) 
distilled  water  for  10  minute  sr.d  eoaked  in  acetone  to  remove  the  surface 
water.  The  diode  was  ptdtr  i  while  still  wet  with  acetone  arid  the  reverse 
characteristic  was  measured  when  tie  acetone  dried.  The  surface  was  flush¬ 
ed  with  dry  oxygen  during  the  measurement  to  minimi?'’  the  surface  moisture. 

/ 

Although  this  procedure  was  subsequently  followed  with  several  other  diodes, 
in  no  case  was  it  possible  to  reduce  the  reverse  current  below  the  degraded 
level,  ao  had  been  observed  with  A-b  Four  more  dioicr  wore  degraded  on 
forward  bias,  their  reverse  characteristics  being  measured  o*.f©re  and  after 
degradation.  Tbs.  pallets  were  removed  from  their  envelopes  and  mounted 
or.  transistor  headers.  Two  of  the  four  pellets  were  damaged  in  the  process. 
The  two  remaining  diodes,  B-2  and  B-6,  uero  etched  following  a  procedure 
similar  to  that  described  above,  but  which  included  one  additions!  step. 
After  the  etch  in  lodine-E  the  diode  surface  was  scrubbed  with  a  detergent 
solution  (alconox)  before  rinsing  in  hot  distilled  water.  Instead  of  using 
acetone  as  the  diying  agent,  ethyl  alcohol  was  used.  The  results  obtained 
are  illustrated  :!n  Figure  20.  The  reverse  characteristics  for  the  degraded 
diode,  B-2.  are  shown  both  before  and  after  etching.  As  indicated,  the 
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AFTER  £TCH 


'  'diode  A.-6 


*teb«d  diode  m  observed  to  have  *  significant  decrease  in  reveres 
currant  eeapared  to  the  watched  diode.  However*  only  a  part  of  the 
degradation  was  relieved  by  the  surface  etching.  Whether  this  imr-lico 
that  only  a  part  of  the  overall  degradation  is  a  surface  effect  is  an 
open  question.  It  is  possible  that  part  of  the  remaining  reverse  cur¬ 
rent  vas  caused  by  surface  contamination  and  could  be  eliminated  when 
hatter  cleaning  procedures  are  developed. 

At  the  present  time  It  has  been  abovn  only  that  a  part  f  '  re  degrada¬ 
tion  is  due  to  surface  phenomena.  Future  effort  will  attempt  to  ans¬ 
wer  the  question  of  vhether  or  not  the  remaining  degradation  is  also 
a  surface  effect.  The  approach  will  concentrate  initially  on  attempts 
to  determine  vhether  forward  bias  degradation  can  be  totally  relieved 
by  surface  etching.  This  will  involve  attempts  to  assure  that  surface 
contamination  is  not  contributing  to  the  observed  reverse  current  after 
etching. 

1.0  Heat  and  Pressure  Effects 

Diodes  which  were  constructed  by  mounting  pellets  on  transistor  headers 
did  not  degrade  appreciably  under  normal  forward  bias  conditions.  The^e 
diodes  vere  entirely  similar  to  the  standard  diodes  used  in  this  study 
except  that  they  had  uct  been  subjected  to  the  heat  and  pressure  encount¬ 
ered  in  the  sealing  process.  Therefore,  the  temperature  and/or  pressure 
of  sealing  was  suspected  of  producing  changes  in  the  pellet  which  led  to 
failure  when  the  diode  waa  stressed  with  forward  bias.  A  small  testing 
jig  waa  constructed  to  subject  diode  pellets  to  the  sealing  conditions  and 
yet  permit  recovery  of  the  pellet  for  mounting  on  a  t  -ansistor  header  for 
further  testing.  The  pellets  were  held  between  the  polished  ends  of  tvo 
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quartz  rods.  A  movable  heating  coil  was  then  placed  around  tbs  rods, 
over  the  pellet,  and  heat  and  pressure  could  be  applied  as  desired. 

Several  pellets  were  exposed  to  the  normal  sealing  temperature  and  twice 
the  nonftal  sealing  pressure  and  then  mounted  for  tect.  Several  other 
pellets  were  heated  without  pressure  for  comparison.  Measurements  of 
reverse  characteristics  were  made  on  several  pellets  from  each  group 
immediately  after  treatment.  Those  which  had  been  subjected  to  tempera¬ 
ture  only  showed  a  slightly  degraded  characteristic  at  high  reverse  volt¬ 
age,  but  this  increase  in  current  disappeared  if  the  pellet  ms  allowed 
to  r  aaii.  at  room  temperature  for  30  minutes.  The  diodes  which  had  both 
temperature  and  pressure  exerted  were  quite  erratic  in  their  reaction 
to  the  stress  Some  were  highly  degraded  ^ith  walkout  characteristics 
while  others  showed  little  or  no  degradation.  Those  with  sever#  degra¬ 
dation  were  only  slightly  recoverable  »*ith  a  one  hour  heat  treatment  at 

300°c . 

After  mo  ting  on  transistor  headers,  pellets  from  both  group*  were  sub¬ 
jected  tc  forward  bias  {0.2  amps  at  l80°C),  The  four  diodes  which  hod 
been  heated  only  shewed  very  little  movement  after  four  hours  of  this 
stress.  One  improved  slightly,  one  degraded  a  little  and  two  did  cot 
change.  This  behavior  is  typical  of  untreated  pellets  on  transistor 
headers.  The  five  diodea  which  had  been  exposed  to  both  heat  and  pres¬ 
sure  reacted  quite  differently.  One  remained  constant  while  another  de¬ 
grade!  slightly.  The  other  three  shoved  sharp  degradation  of  the  re- 
verse  characteristic  after  four  hours  at  0.2  amperes  and  180  C. 

The  forward  voltage  drop  at  100  milliamperea  was  measured  to  see  if 


tboM  device*  which  failed  had  a  high  power  load  during  forward  stress. 
Those  pellets  which  had  been  heated  shoved  no  difference  from  untreated 
saaples.  The  diodes  which  had  seen  both  heat  and  pressure  had  a  higher 
average  forward  resistance# 

It  was  concluded  from  this  test  that  the  pressure  used  in  preparing 
glass  encapsulated  diodes  can  cause  damage  which  leads  to  failure  when 
the  diode  is  subjected  to  high  temperature  and  forward  current. 

1*9  Screening  Procedure 

The  fact  that  a  fraction  (approximately  ten  per  cent),  of  the  diodes  de¬ 
grade  very  slowly  (if  at  all)  under  moderate  forward  bias  stresses  in- 
dicatea  that  the  development  of  a  non-destructive  screening  process  to 
find  these  units  would  be  desirable.  At  first,  inspection  of  the  diode 
initial  condition  was  considered  as  a  possible  screening  procedure.  How¬ 
ever,  the  initial  softness  of  the  diode  is  not  a  consistent  guide  to  be¬ 
havior  under  forward  bias  stressing.  That  is,  diodes  I  and  II  in  Figufe 
2  will  not  necessarily  degrade  more  rapidly  under  forward  bias  stress 
theua  diode  III. 

Because  of  the  differing  response  rate  to  forward  bias  stress,  it  is  pos¬ 
sible  to  use  a  moderate  stress  to  separate  the  slowly  degrading  from  the 
rapidly  degrading  units.  A  preliminary  test  of  the  idea  was  made  by 
stressing  at  a  forward  current  of  200  milliamperes  and  an  ambient  temp¬ 
erature  of  180°C  for  two  hours.  Following  this,  the  diodes  were  further 
stressed  at  150  milliamperes  and  125°  '  for  a  week.  As  expected,  the  diodes 
which  degraded  rapidly  on  the  first  test  continued  to  do  so  at  the  lover 
level,  while  the  units  which  were  moat  resist.  to  the  higher  stress 


continued  to  be  at  the  lover  stress.  The  result  Is  that  a  fairly 
rapid  high  temperature  test  can  be  used  to  select  diodes  which  will 
be  most  resistant  to  long  term  degradation  under  forward  bias  stress. 
The  amount  of  degradation  for  most  units  under  the  high  temperature 
stress  is  small  enough  that  the  test  may  be  considered  non-destructive. 
The  forward  bias  deterministic  model  test  plan  will  provide  fcuch  more 
iniormation  to  evaluate  the  screening  process. 


The  degradation  patterns  which  were  present  following  the  sealing  pro¬ 
cess,  forward  current  stress,  and  high  temperature  storage  at  zero  bias 
were  identical.  These  patterns  included  an  excess  reverse  current  vith 
a  characteristic  dependence  on  measuring  voltage,  microplaama  light 
emission,  low  amplitude  aicrcplaeaa  noise  pulses  and  walkout.  This  de¬ 
gradation  was  found,  after  stress , only  in  those  pellets  which  had  been 
exposed  to  tl  ■  temperature  and  pressure  of  the  sealing  process. 

Of  the  var  iou*  failure  mechanisms  proposed  in  the  previous  semiannual  re¬ 
port,  the  chemical  degradation  of  the  transition  region  between  the  sili- 
ccr  and  the  siliccn  oxide  resulting  in  localised  regions  of  low  breakdown 
voltage  was  most  likely  to  account  for  the  present  failure  modes.  With  a 
measuring  voltage,  V^,  the  total  excess  current  caused  by  sicropias-aas 
vaa . 


where  V(  and  were  the  turn  or.  voltage  and  the  series  resistance  of  the 
sicroplasaa  labelled  i,  and  the  sum  included  'll  aicroplaamas  vjth  V.  less 
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In  the  cases  of  diodes  showing  no  excess  current  below  a  we.ll- 


than  V 

H. 

defined  critical  voltage,  all  the  V\  were  larger  than  or  equal  to  the 
critical  voltage.  This  corresponded  to  the  situation  where  light  emis¬ 
sion  was  confined  to  a  single  spot  or  a  few  3pots.  If  there  were  a  large 
number  of  breakdown  regions,  as  in  the  cases  when  a  continuous  ring  of 
light  emission  was  observed,  the  sum  in  the  expression  for  the  61  could 
be  approximated  by  an  integral.  If  all  the  microplasma  were  taken  to 

have  the  same  series  resistance 
V 

f  R  V  -V 

I  *  J  f  (V)  _J _  dv 

°  R 

vhere  f(v)  is  the  distribution  function  for  the  microplasma  breakdown 
voltages  and  f(V)  dV  is  equal  to  the  number  of  microplasmas  breaking  down 
between  V  and  V  +  dV.  If,  for  example,  f(V)  was  taken  to  be  a  constant, 
independent  of  voltage,  it  was  found  that 

!r  =  f  VR2  /2R 

.  •  7 . 

This  showed  that  a  square  law  excess  current  could  result  from  a  super¬ 
position  of  many  currents  each  of  which  was  piecewise  linear  in  voltage. 

If  f  (V)  was  not  constant,  but  increased  with  increasing  voltage ,  the  ex¬ 
cess  current  would  increase  more  rapidly  than  the  second  power  of  the  re¬ 
verse  voltage.  In  this  model,  power  law  approximations  for  the  excess  re¬ 
verse  currents  were  not  fundamental,  but  were  the  result  of  a  particular 
superposition  of  microplasma  currents.  For  this  reason,  the  distribution 
of  exponents  shown  in  Figure  h  would  be  the  result  of  various  distribu¬ 
tions  of  microplasma  breakdown  voltages  at  °acb  tage  of  stress  and  re¬ 
covery  . 


Walkout  can  be  explained  as  the  gradual  increase  in  turn  on  voltage  with 


time  after  a  microplasma  was  turned  on  for  the  first  time.  Inspection 
of  the  reverse  characteristics  after  walkout  did  not  indicate  a  major 
increase  in  series  resistance  accompanying  walkout.  Thus ,  the  primary 
stress  "'“pendent  variable  of  an  individual  microplasma  was  the  turn  on 
voltage,  which  decreased  with  increased  stress  time.  The  walkout  phen¬ 
omenon  was  an  increase  in  this  voltage  caused  by  the  electric  fields  and 
local  heating  accompanying  the  initial  breakdown  of  the  microplasma. 

The  large  excess  currents  resulting  from  forward  bias  stressing  cannot 
be  explained  simply  by  an  increase  in  the  surface  generatio.n  rate  but 
require  a  more  effective  conduction  mechanism.  The  most  likely  mechanism 
is  the  avalanche  breakdown  of  small  regions  located  where  the  Junction 
intersects  the  silicon  oxide  layer.  The  effect  of  the  sealing  heat  and 
pressure  is  to  disrupt  the  transition  region  between  the  silicon  and  the 
silicon  oxide.  ‘This  includes  the  generation  of  dislocations  in  the 
silicon  and,  perhaps,  small  fissures  near  the  interface.  The  resulting 
increase  in  the  mobility  of  impurity  species  is  believed  to  be  -a  require¬ 
ment  for  the  device  to  be  susceptible  to  forward^  bias  degradation.  It  is 
for  this  reason  that  the  pellets  mounted  on  transistor  headers  which  have 
not  seen  the  sealing  process  are  degraded  much  less  rapidly  than  the  fab¬ 
ricated  diodes. 

'The  chemical  process  occurring  during  stress  to  produce  the  microplasma 
regions  is  uncertain.  Because  of  the  presence  of  gold,  phosphorus,  boron, 
oxygen,  and  trace  impurities  such  as  -sodium,  in  addition  to  silicon,  the 
number  cf  conceivable  reactions  i6  large.  The  possibilities  are  compounded 
by  the  presence  of  a  disrupted  lattice  in  the  transition  region.  However, 
the  occurrence  of  forward  bias  degradation  in  the  non-gold  doped  diode 


shows  that  gold  is  not  required  for  the  process.  Recent  work  on  the 

/  D  \ 

interaction  of  gold  and  phosphorus  impurities  in  silicon  v  'shows  the 
potential,  as  failure  mechanisms  of  solid  state  chemical  reactions  in 
silicon. 

The  high  electric  fields  needed  to  produce  avalanche  breakdown  at  the 
silicon  -  silicon  oxide  interface  require  the  width  of  the  silicon  space 
charge  layer  to  be  much  narrower  at  the  interface  than  in  the  bulk.  At 
the  interface  the  junction  will  be  of  the  P+  N+  type  rather  than  the 
P+H  Junction  characteristic  of  the  bulk.  The  electron  concentration  at 
the  eurface  can  be  increased  over  that  in  the  bulk  either  chemically by 
the  addition  of  donor  atoms  at  the  surface,  or  electrically,  by  the  for¬ 
mation  of  positive  ions  in  the  silicon  oxide. 

The  results  of  the  high  temperature,  zero  bias  experiments  indicate  that 
a  straightforward  diffusion  is  not  involved  in  the  degradation  as  the  de¬ 
gradation  can  be  reversed  by  cooling  the  diode  slowly  rather  than  quench¬ 
ing  it.  This  effect  is  compatible,  however,  with  a  model  based  on  high 
temperature  decomposition  of  a  compound  into  components ,  at  least  one  of 
which  is  active  in  increasing  the  surface  electron  concentration.  Upon 
quenching,  the  components  remain  separated,  but  slow  cooling  results  in 
their  recombination  and  the  recovery  of  the  diode;.  Another  possible, 
though  less  likely,  explanation  of  the  slow  cooling  experiments  is  a  de¬ 
crease  of  the  residual  stress  in  the  pellet  resulting  from  the  annealing 
of  the  glass  encapsulation. 
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FAILURE  MECHANISMS  AND  ANALYSIS 

2.1  Physical  Nature  of  Failure  Mechanisms 

2.1.1  Type  A-Surface  Defects 

Most  failures  of  this  type  are  attributed  to  inversion  layers  or  accumu¬ 
lated  surface  charges  on  the  junction.  Reverse  bias  voltages,  such  as 
those  applied  in  poicrization  tests,  will  set  up  surface  fringe  fields 
across  the  Junction  similar  to  those  in  a  parallel  plate  capacitor.  The 
fringe  field  can  then  line  up  dipole  atoms  or  ions  on  dielectric  silicon 
dioxide  surface  or  within  the  passivation  layer  so  that  (-)  charges  face 
the  cathode  surface  and  (+)  charges  are  aligned  facing  the  anode. 


As  the  sketch  shows,  the  +  charges  lined  up  on  the  anode  side  of  the 
surface  will  electrostatically  attract  electrons  from  the  bulk.  The 
accumulated  charge  may  build  up  sufficiently  at  the  surface  to  cause 
inversion  of  the  "P”  material  to  "N".  A  similar  effect  of  opposite  po¬ 
larity  can  take  place  on  the  cathode  surface.  Note  that  when  the  inver- 
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•it*  layer  grows  to  meet  the  anode  contact ,  a  direct  path  from  the 
anode  to  the  cathode  exists.  Under  reverse  bias,  this  narrow  surface 
channel  effectively  becomes  thinner  and  eventually  pinches  off  as  the 
space  charge  region  gets  wider  with  voltage.  This  effect  gives  the  re¬ 
verse  leakage  characteristic  a  high  saturating  type  of  slope. 

Since  the  mobility  of  the  charges  under  the  electric  field  will  in¬ 
crease  with  temperature,  the  Type  A  failure  mechanism  is  accelerated  when 
voltage  is  applied  under  high  temperature  conditions.  Units  with  Type  A 
behavior  can  usually  be  completely  recovered  by  heating  without  bias.  The 
heat  apparently  serves  to  redistribute  and  disperse  the  aligned  charges 
so  that  the  unit  recovers  to  the  original  characteristics. 

If  the  oxide  condition,  or  internal  ambient,  is  such  that  the  surface  po¬ 
tential  under  thermal  equilibrium  conditions  is  extremely  on  the  "N”  side, 
a  device  may  have  low  leakage  before  a  high  temperature  test  but  will  de¬ 
velop  a  Type  A  leakage  characteristic  as  charges  align  to  their  equilibrium 
"N"  condition  under  high  temperature.  In  this  case,  both  the  surface  po¬ 
tentials  will  have  shifted  toward  "N”.  Thus,  an  "N"  inversion  and  an  N+ 

\ 

accumulation  will  lead  to  Type  A  leakage,  together  with  a  reduced  or  de¬ 
graded  breakdown  voltage  (now  determined  by  the  N+  resistivity).  Measure¬ 
ment  of  the  breakdown  voltage  after  power  tests,  or  other  tests  applying 
reverse  bias  to  the  Junction,  have  maximum,  values  determined  by  the  bulk 
resistivity  or  Junction  defect  spots.  This  occurs  because  the  cathode 
tends  to  be  pushed  toward  "P"  or  high  resistivity  "N"  by  the  reverse  bias. 

2.1.2  Type  B-Bulk  Degradation 

These  units  are  usually  characterized  by  a  relatively  high  leakage  at  high 
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reverse  voltages.  At  voltages  of  one  volt  or  less,  leakages  may  be 
low  (0.5  nanoamperes  or  less)  as  compared  to  Type  A  rejects,  which 
range  upward  from  10  nanoamperes  at  low  voltages.  It  has  also  been 
found  that  these  units  are  relatively  unrecoverable  by  heating.  Some 
improvement  is  often  seen  but  this  improvement  is  insignificant  when 
compared  with  the  3  to  5  order  of  magnitude  seen  with  Type  A  rejects. 
Since  the  breakdown  voltages  of  these  rejects  is  frequently  degraded, 
it  was  at  first  believed  that  the  rejects  could  be  due  to  an  "N"  type 
condition  induced  on  the  cathode  surface,  which  wotild  in  turn  decrease 
breakdown  voltage.  However,  the  relative  "stability"  against  recovery, 
together  with  an  occasional  tendency  to  degrade  even  further  on  break¬ 
down  voltage  drive,  leads  to  a  speculation  that  the  degradation  is  due 
to  some  change  in  the  bulk;  a  crack  or  micro-alloy  point  through  the 
Junction.  If  a  high  leakage  point  exists  in  the  Junction,  a  high  power 
test  can  result  in  point  current  density  concentrations  which  finally 
lead  to  a  runaway  condition  at  the:  JitelhTi  in'  question.  Dead  shorts  may 
be  a  severe  form  of  Type  "B"  runaway. 

Visual  examination  of  Type  B  units  frequently  reveals  the  location  of  a 
bulk  defect  or  failure.  For  example,  visible  "hot  spots"  under  the 
alloyed  contacts  have  been  found,  indicating  where  high  current  concen¬ 
trations  developed  during  the  test  period. 

2.1.3.  Type  C  and  D  -  Bonding  and  Packaging  Defects 

The  main  mechanical  failure  mode  for  thisi  design  is  an  increase  of  the 
reverse  leakage  current  due  to  partial  shunting  of  the  Junction  by  the 
anode  contact.  When  the  device  is  fabricated,  excessive  pressure  or  poor 


51 


alignment  during  sealing  may  result  in  deformation  of  the  glass 
®nd/or  anode  button  such  that  the  anode  heatsink  comes  in  contact  with 
the  edge  of  the  pellet.  Direct  shunting  of  the  diode  does  not  necessarily 
occur  at  this  time,  as  the  pas siyat ion  oxide  electrically  insulates  the 
•node  contact  from  the  cathode  pellet.  Diodes  with  this  internal  "near 
•hunt"  have  been  found  to  fail  when  subjected  to  two  different  stresses. 
First,  when  subjected  to  mechanical  or  thermal  shock,  the  anode  may  break 
through  the  insulating  oxide  layer  and  shunt  the  anode  directly  to  the  ca¬ 
thode.  This  results  in  a  catastrophic  increase  iu  the  reverse  leakage. 

The  second  sensitive  stress  condition  is  a  high  temperature  storage,  such 
as  200°C.  As  the  cathode  is  only  separated  from  the  anode  by  an  oxide 
l*y«r  10,000  angstroms  thick,  a  small  amo”"t  of  moisture  or  mobile  surface 
ions  can  easily  bridge  this  short  path  and  result  in  a  slight,  though  net 
catastrophic,  reverse  leakage  current  increase. 

2,1.1*  Typ<  E- Improper  Measurement  Procedures 

Type  E  failures  are  frequently  identifiable  from  visual  evidence  of  un¬ 
usual  situations  such  aa  melted  material.  This  class  of  failure  generally 
results  from  an  error  in  handling,  an  error  in  test  equipment  accuracy  or 
calibration,  or  transients  in  the  test  equipment.  An  analysis  of  the  Cir¬ 
cuitry  involved  generally  reveals  that  the  visually  evident  failure  would 
have  been  impossible  to  obtain  if  the  device  had  been  properly  connected 
to  a  circuit  in  good  operating  condition. 

2.1.5.  T»P«  Mbermnl  Overstreas 

Failures  in  this  category  have  been  traced  to  mild  and  severe  overheating 
conditions  beyond  the  physical  limits  of  the  materials  used  to  fabricate 
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the  device.  These  failures  are  found  to  be  of  two  distinct  typeB.  One 
type  is  caused  by  a  thermal  fatigue  condition  where  very  slight  alloying 
oi  diffusion  of  the  materials  occurs.  This  type  is  characterized  by  a 
mild  increase  in  reverse  leakage  current.  The  other  type  of  failure  occurs 
due  to  a  thermal  runaway  condition  which  causes  gross  alloying  of  the  de¬ 
vice  materials  and  causes  a  dead  short  very  similar  to  some  of  the  E  type 
failures.  Both  types  of  thermal  overstress  failures  are  generated  on  tests 
considerably  above  maximum  operating  conditions  and  do  not  represent  an 
acceleration  of  an  existing  failure  mechanism. 


2.2  Failure  Mode  Chart 


The  next  several  pages  contain  a  Failure  Mode  Chart  which  has  teen  developed 
to  define  and  illustrate  failure  mode  categories,  failure  mechanisms  and 
failure  causes.  The  chart  also  shows  the  most  likely  failure  indicator  and 
the  stress  which  generally  causes  the  failure.  The  failure  code  shovn  in 
the  charts  is  used  in  all  the  Failure  Analysis  Reports. 

The  Failure  Mode  Chart  was  developed  to  cover  all  the  possible  failures 
the  diodes  and  thus  contains  some  failure  codes  which  have  not  been  observed 
in  this  program. 
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3)  Insufficient  etching  in 
contact  process 
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SILICON  PLANAR  DIODE 


2.3  Failure  Analysis 


The  failure  analysis  studies  have  teen  completed  for  twenty-one  of  the 
diodes  which  failed  on  the  various  stress  tests.  The  diode  serial  num¬ 
bers,  the  stress  and  the  failure  mode  code  are  all  summarized  in  Table  2. 

The  failure  mode  code  is  defined  in  the  Failure  Mode  Chart  (paragraph  2.2). 

2.3.1  Type  A-2-a  Failures 

This  is  the  largest  category  of  failures  (52. k%).  All  diodes  in  this 
group  degraded  by  a  softening  of  the  reverse  leakage  characteristic  after 
stressing  under  forward  bias  and  high  temperatures.  Figure  2  1  shows  the 
voltage-current  characteristic  of  Diode  #59  which  is  typical  of  this  group. 
The  reverse  leakage  current  degradation  at  low  measuring  voltages  is  rel¬ 
atively  slight.  At  increasing  voltage  levels,  the  excess  leakage  current 
becomes  progressively  higher.  At  the  high  level  measuring  point  of  50 
volt 8 ,  the  leakage  increase  may  be  as  much  as  several  microamperes.  Near 
the  avalanche  breakdown  of  the  device,  leakage  may  be  in  the  milliampere 
range.  Type  A-2-a  degradation  may  be  attributed  to  either  surface  changes 
or  to  bulk  diffusion  effects. 

The  surface  accumulation  mechanism  was  discussed  in  detail  in  the  Second 

(9) 

Technical  Documentary  Report  ,  and  showed  that  positive  ions  located  in 
the  oxide  may  diffuse,  to  the  silicon-silicon  oxide  interface  on  the  N  side 
of  the  diode  junction  due  to  the  action  of  the  forward  bias  electric  field. 
This  field,  extending  from  the  silver  button  to  the  silicon  beneath  it, 
amounts  to  approximately  ?000V/cm  in  contrast  to  the  high  intensity  opposite 
fields  (in  the  order  of  500,000V/cm)  which  can  be  produced  by  reverse  biases 
such  as  TO  volts.  However,  mobile  positive  ions  such  as  the  alkali  metals 
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FAILURE  SUMMARY 


failure 

MODE 

SERIAL 

NUMBERS 

TEST  FAILED 

SUB 

TOTAL 

PERCENT 

CONTRIBUTION 

59,60 

I  *50  ma,  T  =100°C 

P  H  ^ 

73, TU 

50  ma,  150  C 

A-2-a 

61,62,63 

100  ma,  100°C 

11 

52.  U 

72 

100  ma,'  150°C 

’  , 

83,8U,85 

125  ma,  100°C 

1' 

B-2-a 

58 

Ip=100  ma,  Ta=100°C 

1 

U-.8 

F-l-a 

86,90 

If=U50  ma,  VR=  30V 

5 

23.8 

87,89 

VR=  30  V,  Ta=  ,150°C 

88 

T  =  200°C 

A 

.1 

F-2-a 

57 

Vp=  0.2V,  Ta*  75°C 

79 

Ip=  1  ma,  TA=150°C 

U 

-  19.0 

80 

VR=  30V,  Ta-125° 

82 

I  =  125ma,  T  =100° 
r  A 
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21 
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c*8  be  moved  and  accumulated  at  the  interface  even  under  low  intensity 

i 

fields.  A  positive  oxide  accumulation,  will  result  in  an  equal  and  opposite 
•urface  accumulation  of  conduction  electrons  in  the  silicon.  This  N+  type 
accumulation  will  narrow  the  Junction  space  charge  at  the  surface  and  may 
result  in  non-uniform  sites  with  low  voltage  avalanche.  If  accumulation 
i*  heavy  enough,  space  charge  regions  thin  enough  to  support  a  tunnelling 
of  reverse  conduction  will  result. 

The  bulk  diffusion  mechanism  described  by  Henning  and  Miller  involves 

reverse  current  softening  by  diffusion  of  metal  from  surface  contaminants, 
or  contacts,  into  Junction  defect  sites.  The  contaminants  will  precipitate 
interstitially.  Very  high  fields  at  the  sites  of  the  precipitation  will 
again  result  in  a  tunnelling  mode  of  excess  current. 

2.3.2  Type  A-2-a  Recovery  Tests 

Field  generated  surface  space  charges  described  by  the  first  failure  mech¬ 
anism  should  respond  readily  to  high  temperature  bakeouts.  If  mobile  ions 
have  been  separated  by  electric  fields  and  high  temperature,  they  should 
recombine  when  the  external  bias  -separating  field  is  removed  and  temperature 
alone  is  acting.  The  recombination  of  oxide  ions  should  produce  recovery  of 
the  low  leakage. 

Henning  and  Miller  characterize  the  reverse  softening  degradation  by  diffu¬ 
sion  as  a  temperature  activated  mechanism  which  is  independent  of  the  source 
of  temperature  (whether  it  originates  from  a  high  ambient  or  from  power  dissi 
pat  ion  in  th«*  Junction).  The  implication  in  this  work  is  that  diffusion  de~ 
grn  led  devices  will  not  recover  under  bakeout  but  will  remain  unchanged  or  de 


Bakeouts  of  the  failed  units  vere  found  to  have  a  slow  recovery  eff¬ 
ect.  The  degree  of  recovery  tends  to  be  complete  at  the  low  measuring 
voltages  and  is  slower  arid  less  effective  at  higher  voitage  levels.  Diodes 
baked  at  high  temperature  for  long  periods  to  obtain  virtually  complete  re¬ 
covery  will  still  have  breakdown  regions  softer  than  the  original  character¬ 
istics.  A  summary  of  the  recovery  bakeouts  performed  is  shown  below: 


TABLE  3  -  .RECOVERY  BAKEOUT  SUMMARY 


Bakeouts 

Pellet 

I  Recover?/ 

Serial  Numbers 

Temp. 

Time 

Ambient 

at  50V 

At  breakdown 

60,  6l,  62,  63 

:oo°c 

90  Hrs . 

glass 

enclosed 

complete 

soft 

73,  33 

200°C 

136  rirs. 

glass 

enclosed 

95% 

soft 

72,  Ik 

200°C 

16L  Hrs. 

Air 

CD 

O 

soft 

The  last  two  diodes  were  measured  and  baked  in  air  after  removal  of  the 
pellets  from  the  glass  encapsulation.  Air  exposed  diodes  showed  no  tendency 

to  recover  faster  than  encapsulated  diodes.  Transistor  experience  indicates 

l  ij.  ]_p ) 

that  surface  degraded  by  electro-positive  oxide  accumulations  v  ’  '  tend  t 

recover  more  readily  in  air  or  oxygen  than  in  nitrogen.  Thus  the  lack  of 
kinetic  response  in  air  tends  to  support  a  bulk  failure  mechanism. 


To  summarize  the  observations  based  on  bakeout  behavior: 

1.  Reversibility  and  recovery  under  bakeout  indicates  the  action  of  some 
kind  of  surface  mechanism. 

2.  The  slowness  and  incompleteness  of  this  recovery  suggests,  at  least, 
the  partial  effect  cf  a  diffusion  mechanism;  or  it  may  suggest  a  surface 
mechanism  caused  not  by  separation  r-.*  mobile  ions  in  the  oxide,  but  by 
an  increase  in  density  of  background  positive  surface  states 


i  c 


such  as  those  normally  found  in  clean,  ion  free,  thermally  grown  oxides. 
The  surface  state  increase  may  be  relatively  irreversible  and  may  be 
activated  by  current  flow  and  temperature  rather  than  by  temperature 
alone. 

2.3*3  Reverse ■ Voltage  -  Current  Characteristic  Tests 

To  investigate  the  nature  of  the  excess  current  in  both  both  the  forward 
and  reverse  directions,  plots  ot  the  voltage-current  ciiaraclerieU.es  vere 
made  for  four  A-2-a  degraded  and  undegraded  diodes.  A  comparison  was 
then  made  between  these  curves  and  equation  constants  reported  in  the  lit¬ 
erature.  Figure  22  is  the  log  plot  of  reverse  leakage  for  determining 

M 

the  power  constant  M  in  the  equation  L  *  K  V  .  Table  «  summarizes,  U  - 

r, 

condition  of  the  diodes  and  the  values  of  M. 


TABLE  i* 

Diode  Power  Constants 


Unit  Number 

Condition 

£V  ?  15  Volts 

M 

g?y  >  oq  YpltS 

28 

Rot  Degraded 

•  2h 

Increasing 

29 

Sot  Degraded 

.  35 

Increas ing 

eu 

Soft  Degraded 

1.22 

c;  0 

_  •  L 

85 

Soft  Degraded 

0.22 

— 

ue 

The  low  voltage  power  constant  X  for  three  of  the  devices  either  approxi¬ 
mates  the  1/3  value  which  is  expected  for  reverse  leakage  from  space  charge 
generation  in  a  diffused-graded  Junction  or  is  somewhat  lover  for  the  tv., 
devices  with  higher  leakage  levels  at  10  volts.  Low  M  values  at  the  low 
voltages  are  probably  surface  effects  due  to  space  charge  influence  by  the 
silver  button  field  plate  capacitor. 
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Diode  number  8^»  exhibits  a  different  leakage  mode  with  a  large  excess 
current  increment  increasing  as  the  1.2  power  of  voltage.  This  relation 
®*y  be  representive  of  a  tunnelling  mode  of  a  different  source  from  that 
occurring  at  higher  voltages.  An  ohmic  leakage  component  (with  M*l)  may 
Also  be  responsible  for  this  behavior  at  low  voltages. 

i 

Above  20  volts  the  reverse  leakage  current  increase  with  voltage,  for 

the  non-degraded  diodes,  follows  a  rapidly  increasing  non-saturating  j 

pattern  which  is  probably  due  to  mul+  ^pixcation  or  generation  in  the  high 
defect  density  sub-epitaxial  region  as  the  space  charge  region  punches 
into  it. 

The  two  degraded  devices  exhibit  large  currents  at  higher  voltages  far 
in  excess  of  the  normal  generation  current  seer,  in  undegraded  diodes. 

The  voltage  current  relation  is  approximately  I  *  KV^ ;  this  being  com¬ 
pletely  consistent  with  the  power  law  relation  reported  by  Goetzberger 
(13) 

and  Shockley  for  tunnel  currents  generated  by  high  field  regions 

in  junctions  having  metal  precipitates. 

An  extrapolation  of  this  tunnel  current  to  lower  voltage  levels  (2-3  volts) 
will  give  -an  insignificantly  small  leakage  component.  Tunnel  site  genera¬ 
tion  is  thus  completely  swamped  out  by  space  charge  generation  and  other 
jr.  danisms  active  at  low  voltages. 

Measurements  made  at  low  temperatures  should  more  clearly  define  these 
currents  since  space  charge  generation  components  should  drop  off  much 
more  rapidly  than  .he  tunnelling  components.  Such  measurements  are  being 
mode,  but  have  not  been  completed  at  this  time.  -  • 
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2-3.4  Forward  Current  Charactensti  •  Tests 


Figure  23  provides  a  plot  Oi  forward  current  versus  bias  for  the  sane 
diodes  that  were  diacusjed  in  paragraph  2.3.3.  A  good  straight  line  fit 
was  obtained  on  semi-log  pap*.;*  ior  both  degrade!  and  non  degraded  diodes. 
The  standard  forward  bias  equation  of  the  type  I  *  I_  (e  -  l)  fits 
both  good  and  degraded  diodes.  Any  power  law  component  due  to  tunnelling 
is  swamped  out  by  injection.  Excess  current  (wnich  would  result  in 

A'  4*' 

degradation  in  an  emitter  junction)  is  seen  in  the  forward  direction  for 
degraded  diodes,  with  no  change  in  the  value  of  n  =  2,0.  An  increase  in 
n  is  reported  for  field  emission  junctions  by  Henning  and  Miller.  In 
summary,  reverse  leakage  measurements  of  softened  diode  Junctions  have  char¬ 
acteristics  associated  with  tunnelling;  this  being  especially  evident  at 
higher  voltage  measurements.  Forward  current  measurements  show  excess  cur¬ 
rents  not  necessarily  associated  with  tunnelling- 

2.3.5  Type  F-l-a  Failures 

A  failure  pattern  common  to  five  diodes  (#86  through  #90)  was  noted  at  6000 
hours  for  diodes  in  the  long  cerm  life  test  series.  These  diodes  had  been 
stressed  as  listed  below: 


86,  90 

Rectifying-I  =  450ma,  VD  s  30V,  T.  =  25° 
w  n  A 

87,  89 

Reverse  Bias  -  TA  =  150°C,  VR  =  30V 

88 

Storage  -  TA  =  200°C 

After  measurement  cn  the  automatic  readout  equipment,  all  five  diodes  showed 
severe  reverse  leakage  current  degradation.  Figure  24  shows  the  voltage- 
current  characteristic  of  unit  86  as  a  typical  example.  The  reverse  leakage 
current  is  relatively  flat  from  0  to  8  volts  (5  microamperes)  and  then  sharply 
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Forward  Voltage  (in  millivolts) 
FIGURE  23 

FORWARD  CURRENT  COMPARISON  FOR 
DEGRADED  AND  UHDEGRADED  DIODES 
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increases  to  a  value  of  25  milliamperes  at  33  volts,  finally  tapering  off 
in  a  negative  resistance  switchback  at  high  current  levels. 

This  characteristic  is  identical  to  that  reported  for  diodes  which  are 
pulsed  m  curve  tracer  analysis  under  extreme  reverse  breakdown  conditions, 
such  as  25-35  milliamperes  and  140  volts.  This  is  equivalent  to  a  dissipa¬ 
tion  of  300  milliwatts  peak  per  square  mil  of  junction  area.  This  level  of 
power  surge  is  reported  to  result'  in  a  secondary  breakdown  type  of  bulk 
junction  degradation  almost  identical  to  the  reverse  characteristics  seen  in 
these  diodes.  Diodes  pulsed  at  high  current  levels  in  the  forward  direction 
degrade  as  dead  ohmic  shorte  in  contrast  to  the  observations  above. 

Examination  of  the  last  readout  data  (6000  hours)  shows  that  normal  reverse 
leakage  current  readings  were  obtained  initially,  significant  decreases  of 
about  5/?  were  recorded  in  the  subsequent  breandown  voltage  readings  and  some 
decrease  was  also  noted  in  the  forward  voltage  drop.  The  final,  repeat  check 
of  reverse  leakage  current  at  50V  (which  is  taken  to  check  for  measurement 
transient  and  anomaly  effects)  then  showed  the  diodes  had  severely  degraded 
during  measurement;  most  probably  during  the  breakdown  voltage  tests. 

This  fact,  combined  with  the  previously  noted  similarity  to  diodes  over¬ 
stressed  in  the  breakdown  voltage  avalanche  mode  are  clear  indications  that 
some  type  of  high  power  transient  pulse  had  occurred  during  the  breakdown 
voltage  measurements. 

One  element  of  the  data  did  not  allow  the  assignment  of  a  categorial  "non- 
legitimate"  failure  cause  to  these  failures.  All  five  failures  originated 
froa  one  particular  pellet  lot.  At  the  time  of  test  measurement,  equal 
number*  -jf  diodes  from  six  different  lots  were  tested  identically  in  mixed 


The  transient  pulse  condition  resulted  in  failures  only  for 
diode  lot.  The  implication  exists  therefore,  that  this  diode 
lot  was  more  susceptible  to  abusive  stresses  than  other  average  diodes ; 
because  of  non-optimized  construction  characteristics.  On  this 
the  failures  vere  assumed  to  be  legitimate  with  &r.  P-l-a  code, 

*®d  investigations  as  to  the  degree  of  overstresa  needed  to  trigger  fail- 
ure  **r«  started. 

Tbe  breakdown  voltage  measurement  circuits  have  a  built-in  current  limit- 
stion,  a  100  kilohm  resistor  in  series  with  each  diode  being  checked. 

even  if  poor  or  intermittent  contact  resistances  allow  the  sweep 
▼oltage  to  build  up  to  its  maximum  value  of  700  volts  DC,  the  resulting 
pulee,  when  contact  is  re-established,  cannot  exceed  6-7  nilliamperes . 

This  level  is  still  approximately  four  times  lower  than  the  stress  fail¬ 
ing  a  "normal"  unit.  Diodes  with  low  breakdowns  may  be  suspected  to  be 
more  susceptible  to  this  failure  mode  for  two  reasons : 

1.  A  transient  voltage  spike  will  produce  a  higher  current  level  in  the 
low  breakdown  diode. 

2.  A  low  breakdown  device  may  be  one  in  which  the  Junction  is  in  very 
close  proximity  to  the  sub-epitaxial  region.  Any  destructive  spike 
tending  to  warp  the  Junction  downward  will  punch  into  this  region  more 
readily.  Subsequent  sectioning  to  check  on  the  geometry  did  not  sub¬ 
stantiate  this  explanation. 

A  statistical  compilation  of  breakdown  voltages  was  made  for  the  six  pellet 
lots  The  compiliation  showed  that  the  one  pellet  lot  contained  the  lower 

breakdown  voltages,  but  the  difference  in  voltage  from  the  other  five  lots 
van  not  significant  enough  to  assign  this  as  the  exclusive  cause  of  failure. 
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Several  experimental  diodes  were  fabricated  with  a  variety  of  button  materials 
and  it  was  determined  that  the  degradation  was  not  related  to  migration 
and  alloying  of  contact  metal  into  the  Junction.  The  characteristic  shape 
of  Figure  2k  can  be  explained  by  an  induced  Junction  defect  resulting  in 
current  hogging  in  the  defect  areas.  The  sketch  shows  a  cross  section  of 
this  type  of  defect. 


Pipe  Defect 


1/ 


N  Epitaxial  Layer 


N+  Substrate 


A  defect  pipe  contacting  N+  sub-epitaxial  region  will  explain  the  low 
initial  breakdown  noted  (8v),  and  the  resistive  saturating  characteristic 
at  higher  voltages  may  be  due  to  depletion  narrowing  of  the  pipe  by  the 
increased  voltage. 


The  possibility  of  microplasma  (defects  crossing  the  Junction  surface) 
contribution  to  the  sloping  characteristic  was  explored  and  eliminated. 

The  Junction  did  not  show  light  emission  under  reverse  drive  and  bakeouts 
at  high  temperature  had  no  effect  on  the  characteristic.  Microplasmas  will 
frequently  change  as  surface  potentials  move  in  bakeouts. 

Diodes  #86  was  chemically  etched  to  remove  all  metal  from  the  Junction  and 
was  then  etched  in  a  mild  silicon  etch  designed  to  preferentially  attack  de¬ 
fect  Bites.  A  tiny  defect  pit  was  noted,  not  more  than  U  microns  in  diameter, 
which  most  probably  represented  the  secondary  breakdown  site  -  see  Figure  25. 


Figure  26  is  a  section  taken  through  the  etched  Junction.  It  shows  an  unusu¬ 
ally  shallow  diffusion  depth  which  is  contradictory  to  the  expected  depth 
■! is cussed  earlier.  The  Junction  irregularity  seen  in  Figure  26  may  be  an 

.  rr -a  :  \  ar  ity  in  a  discoloration  site,  but  does  not  extend  deep  enough  to 
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FIGURE  2k 

CURVE  TRACE  OF  UNSTABLE 

negative:  resistance  region 


■¥ 

\ 

I 

I 

% 

'S  • 

\  "  /  FIGURE  25 

PHOTOGRAPH  OF  ALLOY  SPOT 


FIGURE  2 6 

PHOTOGRAPH  OF  CROSS  SECTION 


THROUGH  ALLOY  SPOT 


be  the  site  of  the  severe  bulk  degradation.  The  magnification  of  the  figure 
is  about  700X  and  shows  a  Junction  depth  of  3.7  microns  and  an  epitaxial 
depth  of  10  microns. 


At  4thi8  time,  the  failed  diodes  are  assumed  to  have  a  higher  density  of 
defect  sites  than  other  diodes  which  makes  them  more  susceptible  to  over¬ 
stress  conditions.  Investigations  are  still  in  process  to  measure  the  power 
levels  required  to  degrade  these  diodes. 

2.1*  Forward  Bias  Model  Building  Experiments 

The  differences  in  response  to  forward  bias  stressing  between  pellets  mounted 
on  TO-18  transistor  headers  and  pellets  mounted  in  the  standard  glasB  package 
has  been  discussed.  The  forward  bias  degradation  could  be  related  to  metallic 
contaminants,  dislocation  density  sites  in  the  Junction  (in  which  precipi¬ 
tates  may  form)  or  ambient  conditions.  To  investigate  these  areas  experimen¬ 
tal  diodes  were  assembled  and  tested.  When  the  pellets  were  assembled  on  the 
transistor  headers,  some  of  the  anode  contacts  were  made  by  bonding  a  gold  wire 
to  a  non-overlapping  aluminum  contact.  This  construction,  shown  in  Figure  27, 
was  used  to  reduce  the  amount  of  contact  metal  in  close  proximity  to  the  Junc¬ 
tion  and  to  eliminate  the  field  effect  of  the  overlapping  contact.  It  was 
felt  that  mounting  the  pellets  on  TO-18  headers  would  reduce  strains,  dis¬ 
location  and  metallic  precipitates  due  to  the  following  factors: 

1.  The  kovar  base  of  the  header  ia  closely  matched  in  thermal  expansion  with 
the  silicon.  This  should  result  in  lower  compressive  forces  on  the  pellet 
in  comparison  with  those  obtained  in  the  normal  sealing  process. 

2.  The  pressure  used  in  assembling  glass  diodes  may  Introduce  plastic  deform¬ 
ations  at  the  high  assembly  temperatures.  TO* 16  assembly  operations  are 


at  much  lower  temperatures. 


3.  The  TO-18  assembly  process  is  perofomed  in  an  ambient  free  from 
contaminants,  such  as  glass  and  borate  salts,  which  are  both  mobile 
and  soluble  at  normal  sealing  temperatures. 

When  normal  diodes  and  pellets  mounted  on  TO-lB  headers  are  stressed  with 
the  same  bias,  the  TO-18  mounted  devices  will  operate  at  higher  Junction 
temperatures  since  the  thermal  conductivity  is  better  in  the  normal  pack¬ 
age.  Despite  the  higher  Junction  temperatures,  the  results  of  a  small 
scale  test  showed  that  the  pellets  mounted  on  the  TO-18  headers  did  not 
degrade  significantly  while  the  normally  mounted  deviceB  degraded  at  the 
previously  observed  rates.  The  test  results  are  summarized  in  Table  5. 


TABLE  5 

Forward  Bias  Test  -  TO-18  And  DUD  Mounted  Pellets 


Pellet 

Package 

Humber 

Tested 

!F 

T  At 

TAJ-  125°C 

A 

I  Increase 
at  50  V 

Aluminized 

TO-18 

b 

125  mA 

223°C 

0 

Silver  Dot 

TO-18 

8 

115 

212°C 

1  at  1.8X 

Silver  Dot 

DHD 

8 

115  mA 

1^°C 

1  at  1.1*X 

1  at  2X 

1  at  5X 

1  at  7X 

l  at  65X 

»  second  experiment,  s  group  of  pellets  were  removed  from  the  glass 
Pn*h|s  end  were  remounted  on  TO-18  headers  with  low  temperature  gold- 
satimony  preforms.  The  anode  contact  was  made  by  thermocompression  bond¬ 
ing  a  gold  wire  to  the  pellet.  Part  of  the  remounted  pellets  were  left 
uncapped  (air  ambient)  and  part  were  capped  (no  air  ambient).  All  of  the 
derices,  plus  some  glass  mounted  controls,  were  subjected  to  a  forward 
current  of  100  millismperea ,  is  an  ambient  temperature  of  100°C,  for  one 
The  reverse  leakage  current  response,  at  20  volts,  is  plotted  in 
Figure  28;  and,  50  volts,  is  plotted  in  Figure  29.  The  data  show: 

1.  The  remounted  pellets  are  better  than  the  control  diodes,  but  not  to 

a  significant  amount.  \ 

2.  Three  of  the  pellets  that  were  remounted,  and  exposed  to  air,  degraded 
approximately  the  same  amount  as  the  general  population. 

3.  The  entire  lot  of  devices,  both  experimental  units  and  controls,*  ex¬ 
hibited  high  initial  reverse  leakage  currents  and  showed  more  degradation 

than  average  diodes. 

.  / 

The  third  experiment  utilized  the  same  mounting  techniques  employed  in  the 
second  experiment.  However,  the  pellets  had  not  been  mounted  in  glass  pack¬ 
age..  pi-ior  to  the  experiment.  Once  again,  part  of  the  pellets  were  left  tin- 
capped  (air  ambient),  part  were  capped  (no  air  ambient),  and  part  were  mounted 
in  glass  packages.  The  same  stress  conditions  and  time  were  used  and  the  20 
volt  response  is  shown  in  Figure  30  and  the  50  volt  response  is  shown  in  Fig¬ 
ure  31.  For  this  set  of  tests,  the  data  show: 

1.  The  pellets  mounted  on  T0-18  headers  showed  approximately .the  same  degra¬ 
dation  whether  the  pellets  were,  in  *n  air  or  a  nitrogen,  ambient. 

2.  At  the  50  volt  level,  the  worst  degradation  for  the  T0-18  mounted  pellets 
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was  UX.  Over  half  of  the  normally  mounted  pellets  showed  greater  degra¬ 
dation  than  1*X. 

Figure  Xt  shows  the  results  of  the  last  experiment.  Two  lots  of  pellets, 
from  the  program  pellet  ''ank,  were  sampled,  mounted  on  TO-18  headers,  and 
sealed  in  nitrogen  or  left  uncapped.  Once  again,  no  significant  differences, 
in  the  degradation  were  noted  for  the  two  types  of  ambient. 

All  of  these  experiments  led  to  the  conclusion  that  oxygen  was  not  of  pri¬ 
mary  significance  in  preventing  the  reverse  voltage-current  characteristic 
from  softening  under  a  large  forward  current  stress.  These  results,  which 
are  in  contrast  to  much  of  the  literature,  also  led  to  the  conclusion  that 
the  temperature  and  pressure  in  the  sealing  process  are  the  primary  influ¬ 
ence  for  the  forward  bias  failures.  These  investigations  are  being  con¬ 
tinued. 
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Controls 


Ip  at  20V  (in  nanoamperes )  After  Test 
FIGURE  28 

REMOUNTED  PELLETS  -  20  VOLT  IB 


UNSTRESSED  PELLETS  -  20  VOLT 


Ip  at  50V  (in  nanoamperes) -AfterTest 
FIGURE  31 

UNSTRESSED  PELLETS  -50  VOLT  IR 


PROGRAM  PELLETS  -  50  V0L1 


SECTION  3 
MODEL  TEST  PLANS 


3.1  Step  Stress  Testing 

The  problems  associated  with  conducting  electrical  stress  tests  at  very 
high  temperatures  required  advances  in  the  state-of-the-art.  Workable 
solutions  were  found,  the  high  temperature  test  cards  have  been  delivered 
and  the  1T5°C  tests  have  been  started.  The  200°C  tests  will  be  completed 
in  the  near  future.  The  conclusions  drawn  from  the  information  that  has 
been  collected  are  discussed  in  Section  U. 

3.2  Deterministic  Model  Test  Plan 

The  Deterministic  Model  tests  will  all  consist  of  stress-in-time  tests  as 
contrasted  with  the  step-stress  tests  that  have  been  conducted  to  date. 

The  change  in  the  form  of  the  tests  will  enable  the  most  accurate  determin¬ 
ation  of  acceleration  factors  and  rate  constants  of  the  degradation  equar- 
tions.  The  test  plan  will  be  conducted  in  two  phases;  the  first  phase  vill 
utilise  diodes  from  the  pellet  lots  that  were  established  for  the  program, 
and  the  second  phase  will  use  diodes  with  controlled  manufacturing  process 
variations.  The  second  phase  will  be  based  on  the  results  of  the  first 
phase  and  may  be  less  complex. 

The  complete  test  matrix  for  the  Deterministic  Model  Test  Plan  is  shown  in 
Figure  33.  The  portion  of  the  test  plan  for  the  Reverse  Bias  model  has  been 
discussed  in  some  detail  in  earlier  reports,  and  is  reviewed  in  Section  4. 

The  portion  of  the  test  plan  for  the  Forward  Bias  model  vill  be  conducted 
first,  and  is  more  extensive,  since  more  information  is  needed  to  complete  this 


model. 
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I*  is  axpacted  that  tear  reactions  to  the  stresses  win/ occur  quite  rapidly, 
la  order  to  obtain  the  requisite  data,  the  electrical  parameters  will  be 
r*nd  at  0,  5,  20,  100,  200  ,  500  and  1000  hours.  Some  portions  of  the  test 
■utrlx  may  be  terminated  before  the  1000  hour  point,  if  the  response  to  the 
•tresses  indicates  the  advisability  of  such  a  step.  Based  on  the  results 
of  the  step-stress  tests,  the  electrical  parameters- that  will  be  monitored 

\  ■  .  i 

have  been  changed  slightly,  and  are  listed  below: 

1«  Breakdown  Voltage  (BV)  at  5  and  100  microamperes, 

2.  Reverse  Leakage  Current  (lR)  at  15,  30,  U0,  50,  60  and  70  volts, 

3.  Forward  Voltage  Drop  (Vy)  at  1,100  and  500  miniamperes, 
b.  Stored  Charge  (Qg)  at  10  miniamperes, 

5.  Thermal  Resistance  (8JC)  at  300  miniamperes  (will  be  read  at  the  begin¬ 
ning  and  at  the  end  of  the  test  program) , 

6.  Capacity  (CQ)  at  a  frequency  and  bias  to  be  determined. 

•»  ’  *  *? 

The  shape  of  the  reverse  voltage-current  characteristic  is  quite  important 

and  it  was  decided  to  monitor  this  shape  in  the  Deterministic  Model  test 

*  .  > 

plan.  An  X-Y  plotter  was  used  to  record  the  reverse  voltage  curve  shape  for 
an  of  the  diodes  that  will  be  tested.  At  the  completion  of  the  test  stress, 
or  at  the  time  the  unit  is  removed  from  test,  the  curve  shape  win  be  record¬ 
ed  again.  This  will  permit  an  accurate  determination  of  the  change  in  the 
curve  shape.  Potential  changes  in  the  curve  shape  will  be  monitored  by  the 
increased  number  of  breakdown  voltage  and  leakage  current  measurements. 

After  the  reverse  characteristic  was  recorded,  several  diodes  were  selected 
for  a  capacity  investigation.  These  units  are  being  checked  at  a  variety  of 
bias  conditions  and  frequencies ,  and  the  results  of  the  study  will  determine 
the  measurement  conditions  for  the  test  plan. 
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The  first  pellet  lots,  with  controlled  process  variations ,  are  rapidly 
approaching  the  point  of  being  assembled  into  caaplete  diodes.  The  pro¬ 
cess  variations  include  the  extremes  of  the  wafer  resistivity  range  and 
the  oxide  thickness  range.  Varying  values  of  sealing  temperature  and 
pressure  will  be  used  in  the  assembly  process.  It  is  also  planned  to  meas¬ 
ure  the  junction  diameter,  button  size  and  junction  depth  after  these  de¬ 
vices  have  been  tested.  It  is  anticipated  that  these  variations  will  pro¬ 
vide  the  necessary  information  to  complete  the  Deterministic  Model  and  to 

\ 

start  structuring  the  Probabilistic  Model. 
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STRESS  TEMPERATURE  (°C) 


fur— at  tt  will  to*  read  at:  0,5 ,?Q, 100, 200, 500  and  1000  hours. 

X  »  Testa  that  will  be  run  with  3  diodeo  fra«  each  diffusion  lot,  18 

diodes  par  call. 

T  »  Ttetts  that  will  be  rm  if  the  data  frao  the  other  tests  shovs  that 
tM  Mjb  stresses  are  needed. 


SECTION  1* 


DIODE  STRESS  TEST  RESULTS 

U.l  Temperature  and  Reverse  Bias 

A  Deterministic  Model  relating  diode  degradation  with  the  stress  vari¬ 
ables  has  been  constructed,  based  on  the  current  results  of  the  step 
stress  and  long  term,  constant  stress-in-tiae  data  analyses.  The  model 
is  shown  in  Figure  31*.  The  stress  variables  that  are  explicit  in  the 

model  are  the  reverse  voltage,  V  ,  and  the  time  on  stress,  t  .  The 

6 

stress  variable  of  temperature  is  implicit  in  the  model  and  is  related 
to  tQ,  the  time  constant  of  the  degradation  mechanism.  The  dependence  of 
t  on  Tc  takes  the  fora  of  Arrhenius  relationship.  The  temperature,  Tu, 
and  electrical  bias,  V^,  at  which  the  degradation  is  measured  «re  elso 
implicit  in  this  model. 

The  detailed  breakdown  of  the  model  depicted  in  Figure  3^  alto  indicates 
explicitly  and  implicitly  those  process  variables  that  are  expected  to 
influence  the  degradation.  Thus,  the  Deterministic  Model  relating  the 
arithmetic  increase  of  leakage  current,  fil,  to  stress  is: 

I  -  K^s  (l-e~t,,/to) 

vhere  K  is  a  function  of  the  geometry  processing  variables  and  measurement 
conditions,  for  which  a  "typical"  value  can  be  assumed.  The  Deterministic 
Model  could  be  viewed  as  a  mathematical  representation  of  "typical"  device 
behavior  relating  the  change  in  electrical  characteristics  with  stress. 
Such  models,  when  shown  to  be  adequate,  are  useful,  for  prediction  and  es¬ 
timation  of  degradation;  further,  the  models  are  extremely  useful  for  ob- 


taining  answers  to  questions  relating  to  acceleration  factors,  burn-in 
and  device  specifications.  A*  the  program  study  progresses,  a  proper 
evaluation  will  be  Bade  of  the  effect  of  device-to-device  variations 
(inherent  in  the  K  factor)  on  device  degradation.  The  Deterministic  Model 
will  then  evolve  into  the  acre  realistic  Probabilistic  Model. 

It  should  be  realised  that  the  development  of  the  Deterministic  Model 
is  subject  to  restrictions.  That  is,  the  model  was  developed  for  a  par¬ 
ticular  diode  geometry  and  processing  and  was  shown  to  hold  over  a  region 
of  stress  variables.  The  model  shown  in  Figure  3^  was  developed  for  the 
stress  region  up  to  150°C  temperature  and  TO  volts  reverse  bias.  Prelimi¬ 
nary  fixed  stress  testing  at  200°C  shows  s  non-saturating  effect  of  degra¬ 
dation  which  deviates  from  the  degradation  model.  Thus,  the  model  will  be 
modified  for  the  region  of  increased  stress.  With  the  completion  of  the 
constant  stress  test  plan  design  (Figure  33)  for  the  second  year  effort, 
the  Deterministic  Model  will  be  verified,  refined  and  modified,  ‘’’fee  model 
is  plotted  on  linear  scales  in  Figure  35, ’  the  linear  fit  on  semi -log  peper 
is  shown  in  Figure  36,  The  table  included  with  Figure  jb  shows  the  estim¬ 
ation  of  m&ximn  degradation,  &X  ,  and  the  time  constant ,  t  based  on  the 
analysis  of  data  from  the  step-stress  testing.  These  values  will  be  refined 
in  the  analysis  of  the  constant  streia-in-time  .matrix . 

When  the  degradation  mechanism  la  established,  the  at ep-e trees  test  data 

can  be  utilised  to  obtain  first  estimates  of  t  for  different  Ta  values,  and 

o  B 

to  obtain  &IS  for  different  values.  A l  an  exmsple,  tbs  calculations  are 
performed  for  the  temperature  step-stress  teet  in  which  fj  *  TO  volts. 

Step  1  -  Estimate  the  expected  value  of  AI_  from  the  final  incremental  leak- 

3 

age  data  obtained  after  the  150°C  step  (since  tbs  time  constant 


is  le«s  than  100  hours  at  this  temperature  level,  this  would 
be  a  reasonable  estimate)  Ig  ■  54  nanoemperes.  The  estimated 
value  of  54  nA  is  inserted  into  the  equation  below,  as  is  the 
4  nA  average  leakage  shift  observed  after  i6P  hours  at  75nC 
(the  first  step  in  the  temperature  step  stress). 

AI1  *  AIS  (1  -  e_l68/tol) 
h  -  5k  (1  -  e"l68/to) 
and  solving  for  t  gives 
t  ,  *  2100  hours. 

Step  2  -  Estimate  the  "equivalent"  stress  time,  tg',  for  100°C,  which 
is  the  second  step  of  the  temperature  stress. 

Estimation  of  t  for  100°C  must  take  into  account  the  previous 
o 

1.68  hour  stress  at  75°C.  Thus,  the  4  nA  shift  that  was  actu¬ 
ally  observed  must  be  related  to  a  reduced  time,  ta*,on  the 
higher  100°C  stress, 

ul,  -  AIS  (1  -  e-tsVt°2) 

4  ■  54  (1  -  e_ts,/to2) 
and  solving  for  t  '  gives 

t  '  »  .08*02  +  168,  where  to2  is  the 

time  constant  associated  with  100°C. 

Step  3  -  Estimate  Xq2  for  Tg  -  100°C 

Using  the  observed  average  leakage  shift,  dl2,  after  the  100°C 
«tepv  an  estimate  for  t  2  is  obtained  as  follows: 
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AIS  -  5k  (1  - 

1  -  5l  (1  -  .-'-08  V  *  16f)/to2i 

and  solving  fop  tQ2  gives 
tQ2  “988  hours 

Step  4  -  Estimate  "equivalent"  stress  time  ta"  at  lg*  125°C,  (the  third 
step  in  the  temperature  stress  sequence).  In  a  similar  fashion 
to  Step  2,  the  12  nA  shift  observed  after  100°C  is  equivalent  to 
a  reduced  time,  tg",  on  125°C  of  taM  *  0.25  tQ  +  168  (neglecting 
the  second  order  effect  of  the  previous  168  hours  at  75°C). 

Step  5  -  Estimate  tQ3  for  Tg  «  125°C,  Using  the  observed  average  leakage 
shift  of  30  nA,  AI3,  after  the  125°C  step,  tQ3  is  estimated  in  a 
similar  fashion  to  Step  3. 

«3  -  5M1  -  .  -('25  *o  *  1{8>.'V 

and  solving  for  tQ3  gives 

t  -  3  305  Hours, 
oj 

The  tine  for  the  150°C  step,  t^,  would  be  approximately  100  hours,  which 
compares  favorably  with  the  preliminary  estimate  of  50  hours  from  the  con¬ 
stant  atress-in-time  testing.  Fitting  these  estimated  values  of  tQ  to  the 
Arrhenius  relationship,  tQ  ■  >  and  equating  E^/KT  to  the  slope  of 

the  line  (K  is  Boltman ' a  constant),  gives  a  value  of  E^  approximately 
equal  to  0.62ev.  Applying  these  estimated  time  constants  to  the  other 
temperature  step  stress  cells  gave  reasonable  correlation  between  the 
observed  and  calculated  leakage  current  shifts. 

The  fit  of  mean  leakage  current  shift  on  a  recriproeal  Absolute  temperature 
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scale  based  on  the  results  of  the  step  stress  testing  is  shown  in 
figure  37.  The  actual  1^  movement  at  two  measurement  bias  voltages, 
after  each  teape. ature  step  stress  readout  is  in  Figure  38.  Figures  39 
and  1*0  support  the  assumption  of  linearity  of  degradation  (Al)  versus 
stress  voltage  (Vg)  as  dictated  by  the  m^del. 


I  (In  fta no«apere 


UMUqk  current  degradation  in  time  for  the  temperature  and  reverse  bias  (vr) 

"°*®*  IDR  STRESS  TEMPERATURE  75°C. 

B8BrADATICK  MODEL;  Al  -  Als  (1  -  e-1®^0) 

t**r*  Al  is  arithmetic  shift  of  leakage  current  IR 

Als  maximum  shift  (at  saturation)  -  function  of  stress  voltage  VR 
measurement  temperature,  and  process  and  design  factors 
ts  is  time  under  stress 

t^  is  time  constant  (time  at  which  0*63  Als  is  acnieved) . 
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*®w**  tR  vs.  TEMPERATURE  ON  TEMPERATURE  STEP  STRESS  WITH  FIXED  REVERSE 
VOLTAGE.  (Stress  Cells  16,  17,  18). 

^8  *  ®***rs*  Bias  Stress  Voltage.  *  Measurement  Bias  Voltage. 


2.3  2.4  2-5  2.6  2.7  2.8  2.9  3.0  3.1  3.2  3.3  3.4  3-5 

1/T  x  103  ( °K_1 ) . 


figure  38 
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FIGURE  39 


U.2  Temperature  and  Forward  Bias 


The  analyses  from  the  temperature  and  forward  bias  step-stress  testing 
show  an  altogether  different  degradation  response  than  reverse  bias  stress¬ 
ing.  For  the  reverse  bias  stressing,  the  population  response  was  uniform, 
while  the  forward  bias  stressing  population  response  was  aulti-stodal.  Some 
diodes  did  not  degrade  at  all  while  other  diodes  from  the  same  diffusion  lot 
degraded  progressively  with  temperature  and  current  to  catastrophic  levels. 
The  degradation  response  to  forward  current  testing  is  much  more  dependent 

on  V  ,  the  measurement  bias  voltage,  than  the  reverse  bias  response.  Thus, 

M 

analyses  of  the  results  from  such  stressing  involve  attribute  type  analysis 
as  well  as  intensive  voltage-current  characteristic  studies  prior  to  and 
after  stress.  Attribute  analysis  results  should  make  it  possible  to  estimate 
with  confidence,  the  percentages  of  the  different  response  classes  in  a 
random  population,  rurthei  analysis  would  then  be  re«juiied  to  estimate  the 
degradation  rate  of  a  given  class  of  diodes  as  a  function  of  the  stress  vari¬ 
ables,  Ts  (temperature)  and  I  (forward  current). 

The  median  reverse  leakage  current  movement  after  each  temperature  step- 
stress  reado  '  (at  fixed  levels  of  forward  current)  is  shown  in  Figure  **1 
for  a  measurement  voltage  of  15  volts.  The  movement  at  a  measurement  volt¬ 
age  of  30  volts  is  shown  in  Figure  and  the  movement  for  50  volts  is  shown 
in  Figure  1*3.  The  movement  is  shown  for  other  percentiles,  in  chart  form, 
in  Figure  kk  for  &  measurement  voltage  r*e  50  volts.  The  reverse  leakage 
current  response  to  forward  current  step-stress  (at  100°C),  is  shown  ir. 

Figure  , 
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fl»e  abscissa  it  linear*  reciprocal  junction  temperature.  The  Junction 
temperature  were  calculated  from  the  data  obtained  in  the  thermal  resis¬ 
tance  studies.  Figure  46  is  t  graph  which  say  be  used  to 
relate  forward  current,  ambient  temperature  and  the  estimated  ,,  unction 

temperature. 


MEDIAN  IR  vs.  TEMPERATURE  STEP  STRESS  WITH  FIXED  FORWARD  CURFEHT 
(Stress  Ceils  12,  13,  l*f). 

Ig  *  Forward  Stress  Current.  Vjyj  •  Measurement  Bias  Voltage  •  15  V 
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MEDIAN  Ip  vs.  TEMPERATURE  STEP  STRESS  WITH  FIXED  FOR*..  PD  CURRENT 
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MEDIAN  IR  vs.  TEMPERATURE  STEP  STRESS  WITH  FIXED  FORWARD  CURRENT 
(Stress  Cells  12,  13,  ll). 


Is  *  Forward  Stress  Current.  VM  .  Measurement  Bias  Voltage  »  50  V. 
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Units  removed  1'or  rejection  (Assume  greater  than  previous  percentile). 

FIGURE  UU 


L06 


107 
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1* .  3  Lons  Term  Constant  Stress -In-Time 


The  parameter-  measurements  have  been  made  at  the  9000  hour  readout 
for  the  operating,  temperature  storage  and  temperature  plus  reverse  bias 
long  term  tests.  The  8000  hour  measurements  have  been  made  for  the  for¬ 
ward  bias  long  term  test.  1  . 

The  observed  reverse  leakage  current  shift,  as  a  function  of  time,  is  pre¬ 
sented  in  four  series  of  figures.  Each  series  consiste  of  six  figures, one 
for  each  of  the  pellet  diffusion  lots.  The  entire  distribution  of  the  re¬ 
sponse  is  shown  in  e  .eh  figure,. for  one  of  the  original  pellet  diffusion 
lots.  Thus,  it  is  now  possible  to  determine  if  there  is  any  correlation 
between  the  degradation  and  a  specific  pellet  lot.  When  test  failures  have 
been  identified,  and  removed,  this  fact  is  noted  on  the  appropriate  figure. 

A  table  is  inset  in  each  figure  which  shows  the  pre-burn-in  distribution  of 
the  reverse  leakage  current. 

The  response  for  the  operating  long  term  test  (l_  *  1*50  mA  peak,  V_  *  30V 
peak)  is  shown  in  Figure  1*7-1  through  1*7-6.  There  has  been  very  little 
response  to  this  stress  (as  expected)  except  for  one  unit  in  diffusion  lot  5. 
This  unit  was  an  A-2-a  type  failure,  but  it  is  not  yet  possible  to  assign 
any  general  failure  response  pattern  to  the  population. 

The  temperature  plus  reverse  bias  long  term  test  (T^  *  150°C,  VR  *  30V)  re¬ 
sponse  is  3hown  in  Figure  1*8-1  through  1*8-6.  There  has  been  more  response 
for  this  test  than  for  the  operating  test,  generally  in  the  direction  of  an 
increase  m  the  leakage  current.  Most  of  the  failures  that  have  been  observed 
for  this  test  have  been  determined  to  be  non-legitimate,  such  as  test  equip¬ 
ment  induced  failures.  The  response  pattern  will  continue  to  be  observed, 
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to  chock  for  any  possible  degradation  pattern. 

response  for  the  temperature  storage  (T^  ■  200°C)  long  term  test  is 
•hovn  in  Figure  49-1  through  49-6.  Once  again,  the  general  response  has 
been  rather  small  (confirming  the  model),  although  several  non-legitimate 
failures  have  been  produced.  A  full  discussion  of  these  failures  is  con¬ 
tained  in  paragraph  2.3  of  this  report. 

The  forward  bias  (Ij,  *  50mA)  long  term  test  response  is  shown  in  Figure 
50-1  through  50-6.  There  has  been  almost  no  response  to  this  stress  test 
which  confirms  the  prediction  of  the  model.  The  minimum  value  unit,  for 
two  of  the  diffusion  lots,  shifted  downward  but  it  is  not  yet  possible  to 
detect  any  general  failure  response  pattern. 
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PERCENTILES  OF  ARITHMETIC  SHIFT  OF  I  @  50  V.  FROM  BURN-  IN  VALUE  FOR  LONG  TERM  LOW  LEVEL  RECTIFYING 
OPERATING  STRESS  OF  FORWARD  U50  mA.  (PEAK)  AND  REVERSE  30  V.  (PEAK)  DIFFUSION  LOT:  .1 
AT  ROOM  TEMPERATURE.'  (STRESS  CELL  l).  SAMPLE  SIZE:  2c 


TIME  UNDER  STPESS  IN  THOUSANDS  OF  HOURS. 
FIGURE  U7-1 
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OPERATING  STRESS  Or  FORWARD  t>50  mA.  (PEAK)  AND  REVERSE  30  V.  (PEAK)  DIFFUSION  LOT:  2 

AT  ROa-t  TEMPERATURE .  (STRESS  CELL  3. ).  SAMPLE  SIZE;  20 
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TIME  UNDER  STRESS  IN  THOUSANDS  OF  HOURS. 
FIGURE  U7-3 


5  0:  ARITHMETIC  SHIFT  OF  x  <g  50  V.  FROM  BURN-IN.  VALUE  FOR  LONG  TERM  LOW  LEVEL  RECTI  FTIfW 
-j i'RKSS  OF  FORWARD  mA.  (PEAK)  AND  REVERSE  30  V.  (PEAK)  DIFFUSION  LOT:  4 

rr NATURE .  (STRESS  CELL  1)  .  SAMPLE  SIZE: 
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in 


S  *3 

M 


£  M  W 

|  *  a 

“  s  w 

iJ  cn  m 

“  E  3 

a  &  s 

Q  w 


■HIIBSSBil 

mm 


IS! 


IK! 


IB! 


tntMiHii 

ilgsSSlIIS 


mm 


Uigniiis^mnifan 


sea: 


SEE: 


sb: 


Eilil 


■SGI 


sees: 

:ss3j 


S3SSS3S3E’ 


ss: 


is::! 


mam . 

i^sjvjEESsESE  EEES: 
miniiszssmMmm 

bsBsi 


■33! 


iiif 


X  M 
5  w 

aj  ck 
w 

O  5 


!■■■■■■! 

«■■■■( 


:E: 


SSKgSgB 

ICI'AM 


IBS 


3rry"S 


e33E: 


=235 


:5==SS=5=EEEE===iS5g£EE 


r*  ■  n.i  nj  OJ  CVJ  nl; 

I  14  4  4  *4 


ilia 

:es;( 


iipl 

Esses 


jssssSssgsE 


i====:i= 


II! 


sbbBbbc: 


liPWMil 


o 

cn 


iiiiiiiiiiiiriliii} 

iiiiiSliiiifiliililili 


351 


|s;i: 

:ssss«sss&sb:i 


:ssss 


ro.rf  VO  CO  O  •— <  <p 
H  H  H  H  OJ  OJ  OJ 


M  O  iTv  O  U"\  O  < 
X  H  w  uoo-cnz- 


iSES&i 


■Mill 

isisssssSmil 


isbss: 


Mwnii 


rVVIB 

iffji 


:s; 


.  K 

o  x 


BIS 


ilk.  min 


o 

o 


’S3H3HWV0NVN  NI  (  I  v7)  I»iIHS  0I&3WH&IHV 


TIME  UNDER  STRESS  IN  THOUSANDS  OF  HOURS. 


UNDER  STRESS  IN  THOUSANDS  OF  HOURS 


STRESS  IN  THOUSANDS  OF  HOURS 


.  i 


TIME  UKDEf :  STRESS  IN  TNOUSAKDS  OF  HOURS. 
FIGURE  U8-3 


es:j  i::  thous.*.kds  of  hours 


DIFFUSION  L 
SAMPLE  SIZE 


UNDER  STRESS  IN  THOUSANDS  OF  HOUR: 


( NON-  LEGITIMATE 
FAILURE ) . 


saaaJwoKVM  mi  (hiv)  j*uhs  oiiawHiinv 


TIME  UNDER  STRESS  IN  THOUSANDS  OF  HOURS 


IWM  i 


win.*-* 
ac  ■  rs 


<  t 

K  &  »• 
W  >J  W 
g  N 

X  Z  M 

Qoco 

H  ri 

W  M 
►3?a 
«  E  ft. 
;>  f*.  £ 
3  o  w 


O 


fc  o 
o  o. 

CO  8 

a  a 


■■■■■I 

■miiin 


mSi!£:ai;«i5a;KSiiKiK;;i:nrii5i;iiiiiS^"lliiS:;j| 

l!*Bi!!I*''"S!‘B{!i"!!iii;;.*!!!»!;i;iK;!;;!uiii!l!»!i»i 


**  8  7 
B  5 

fi  £ 


•saaaawoMVM  mi  fyv)  j^ehs  oijawHaiw 
127 


TIME  UNDER  STRESS  IN  THOUSANDS  OF  HOURS 
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The  forward  bias  portion  of  tbs  aodel  hr?  proved  to  be  nor*  complex  thin  tte 
reverse  bine  portion.  The  observed  response  to  street  hee  been  eulti-wdai  and 
dependent  on  the  ■sasunenent  bias  voltages.  This  portion  of  the  aodel  is  belt* 
structured,  but  the  following  points  bare  been  determined,  and  are  di  meted 
in  this  report: 

-  the  tetgierature  and  pressure  used  in  the  sealing  proceaa  bare  a  mjor 
effect  In  thv  degradation  response  pattern, 

.  the  degradation  patterns  following  the  sealing  process,  forward  cur  wet 
stresses  and  at  very  high  toaperatuxe  stress  at  zero  bias  are  identical, 

“  the  degraded  devices,  which  bad  been  stressed  In  the  sealing  process, 
exhibited  Ktoroplaeae  light  emission,  low  amplitude  aicroplasaa 
noise  pulses  and  reverse  voltage  walkout, 

-  the  observed  failure  aechanlsaa  seen  to  be  surface,  rather  then  bulk, 
i elated  phenomena, 

-  there  is  evidence  to  indicate  that  the  aodel  should  be  baaed  on  the 
high  tesperature  decomposition  of  a  compound  into  coaponento,  at  leant 
one  of  which  is  active  in  increasing  the  surface  electron  concentration, 

-  the  planned  test  afttrix  to  coaplete  the  structuring,  verification  and 
refinement  of  the  aodel, 

-  a  suanary  of  the  failure  analysis  effort  performed  to  date  on  this  portion 
of  the  aodel, 

failure  analysis  will  become  an  even  acre  important  part  of  tbs  work  effort  to 
achieve  the  objectives  of  the  prograa.  This  report  contains  an  explanation  of 
the  physical  nature  of  the  failure  aechanlsa  and  a  complete  failure  Mode  Chart 
which  defines  codes  and  related  the  failure  node  categories,  failure  aschanisns 
and  failure  causes. 

The  coiprehenslve  step- stress  testa  have  been  continued.  The  175*C  forward 
current,  forward  voltage  and  reverse  voltage  stresses  are  completed,  and  toe 
data  analysed.  Tha  20CTC  and  22? C  stresses  will  be  coexisted  next.  At  stop- 
stress  data  will  be  used  to  extend  the  range  of  the  reverse  bias  portion  of  the 
Deterministic  Model  as  well  as  to  sake  certain  that  all  the  necessary  stresses 
are  included  in  the  Deterministic  Modwl  tost  plan. 


